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PREFACE. 



In offering a work of this nature, I can 
of course make few claims to originality ; 
nor has it been my object to produce an 
original treatise. But I have endpaygured 
to present the theories .of Jtjie ZAOSt emi*- 
nent philosophers and endu$ers * on . the 
subject of Hydraulics in such a. form ,a^ 
to be easily understood, and to show in 
a simple manner how they- should be ap- 
plied, in solving questions which are, or 
soon will be, of daily occurrence to the 
engineers of this country. The works 
which I have principally followed are, the 
Recherches Physico-mathematiques sur la 
Thiorie des Eaux Courantes, and the 
RecueU de Cinq Tabks pour faciliter les 
Calculs relatifs au Mouvement des Eauxy 
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by M, de Prony ; and the Essai sur la 
Solution numerique de quelques Problemes 
relatifs au Mouvement permanent des 
Eaux Courantes, by M. Belanger; togeth- 
er with the Essai sur les Moyens de 
conduirej d^elever et de distribuer les EauXj 
by M. Gfenjeys. The last work is more 
• appropriate as a practical guide than either 
of the others, and it owes much of its 
•. . most ;vduable. joatter to M. Belanger.* 
• •• • '-A* m|^**objfefc1? was to render this lit- 
tj^ : treitcfe : ^^ctically useful, I have not 
'•.^C^tdterf, ; where I have found in these 
'authors^ Siifch' *t5assages as suited my pur- 
pose, to translate them, and incorporate 
them at once into the body of the work. 
The necessity of reducing the numerical 
values, so as to make them accord with 
EngUsh measures, has involved a good 

* The two publications by M. de Prony can no longer 
be procured even in Paris ; and the two others, having 
appeared since 1828, have never, so far as my knowl- 
edge extends, been noticed in any English work. 
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deal of labor, and still more so the prep- 
aration of the Tables, which it was ne- 
cessary to calculate entirely anew. I am 
not aware of the existence of these Ta-: 
bles in any English or American publi- 
cation ; at least I have often sought for 
them m vam, when wanting them for 
my own use. 

The Chapter on Artesian WeHs is ta- 
ken from Gamier's Treatise on this sub- 
ject, with the exception of the parts 
which relate to this country. I have 
also consulted the articles in Rees's and 
Brewster's Encyclopaedias, the Memoirs 
of the Academy of Sciences of Paris, 
the Philosophical Transactions of the Roy- 
al Society, the Memoirs of the Ameri- 
can Academy of Arts and Sciences, the 
Franklin Journal, Silliman's Journal, and a 
number of Reports by various Engineers. 

C b. »S. 
Boston, March 1, 1835. 
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An abundant supply of pure and wholesome 
water is every where one of the first requisites 
for health, cleanliness, and comfort. It is espe- 
cially so in crowded cities, where, in addition to 
the quantity required for domestic purposes, it is 
highly important to possess a suj£cient supply to 
check the progress of conflagration, to cleanse 
the streets from the accumulation of offensive 
matters, and to purify and cool the air by a copi- 
ous distribution from fountains and jets d'eau. 

The art of supplying the deficiency of nature 
by conveying this precious element in plentiful 
streams from a distant source, does not owe its 
origin to the luxury of modern times, as is the 
case with so many of the arts, which now min- 
ister to our physical enjoyment. On compar- 
ing the hydraulic works of the ancient Romans 
with those erected within a comparatively recent 
period, we find them still unsurpassed in grandeur 
and magnificence. At a wonderfiil expense of 
labor, they carried their aqueducts through hills 
and over valleys, in spite of every natural obstacle ; 

1 



2 INTRODUCTION. 

and it will give some idea of the scale on which 
these nohle monuments were constructed, to men- 
tion, that, according to the Commentary of Fronti- 
nus, who, in the year 98, had the direction of the 
nine aqueducts by which water was conveyed to 
Rome, their united length amounted to 250 
miles, and their daily supply to more than 
27,000,000 cubic feet. This author adds, that the 
supply might have been doubled by proper care 
to prevent fraudulent usage. 

Nor was it for the Imperial city alone, that the 
Romans sought to procure this blessing. In the 
various provinces of their empire they construct- 
ed works of the same kind on the same magnifi- 
cent scale. Similar achievements are not to be 
expected at the present day, when happily it is 
no longer the prerogative of a single nation to 
wield the strength and apply the resources of the 
whole civilized world. But it is the boast of mod- 
em science, that it supplies the want of immense 
physical forces by the most ingenious applica- 
tion of the means which it can command ; and, 
instead of overcoming obstacles, as was once 
done, by dint of the combined and persevering 
labor of thousands, it skilfully eludes the diffi- 
culties which lie in its path, and finds its glory 
no less in the feebleness of the means by which 
it accomplishes great objects, than in the impor- 
tance of the objects themselves. 
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It seems hardly necessary to enlarge upon the 
advantage to he derived from a careful consulta- 
tion of the most improved theory, when there is 
any question of constructing works of the kind 
which we have heen describing. At the present 
day, when we see so many ways of applying the 
wealth and resources of civilized communities to 
the amelioration of their condition, and the parti- 
isans of each are loudly proclaiming its superior 
advantages, it is of the greatest importance not to 
waste in rash and hasty enterprises those means, 
which, employed in some other manner, might 
have been productive of happy effects. When 
there is no experiment to furnish a guide, the ob- 
ject of theory is, to direct us to those measures, 
which have the highest probability of success to 
recommend them ; and when we have the benefit 
of previous experiments, it teaches us the proper 
manner of employing them, by pointing out the 
anomalies, and showing us how to distinguish the 
influence of the various causes, which act in 
combination. 

That part of the science of Hydraulics, of which 
the construction of water-works is an immediate 
practical application, has, from its importance, 
engaged the attention of many eminent men ; 
and there are few more beautiful examples of the 
application of mathematical analysis to the dis- 
covery of physical truths, than are to be found in 
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the writings of some of them. Though very far 
fix)m having reached that perfection to which the 
labors of subsequent experimenters will undoubt- 
edly carry the science, yet the results already 
obtained are so satisfactory, that it would be folly 
to neglect them, before the united efforts of the- 
ory and practice have furnished us with a safer 
guide. It is true, that many experiments are yet 
to be desired in order to confirm some of the re- 
sults which theoiy alone has yet announced. 
The formulae recently given by Belanger should 
be subjected to this test, and also the rules given 
for calculating the motion of water which flows 
through a system of branch pipes. The engi- 
neers having charge of the various hydraulic 
works, which will doubtless ere long be com- 
menced in this country, as the principal cities in- 
crease in wealth and population, and feel more 
and more the necessity of procuring ample sup- 
plies of water, will find many opportunities of 
adding to the experimental results which we al- 
ready possess ; and it should be remembered that 
even a single experiment, carefully and judicious- 
ly made and faithfully reported, is a valuable 
present to science. We see this strikingly, when 
we read some of the early works on hydraulics. 
The theories of the authors have in many in- 
stances been entirely exploded, or greatly modi- 
fied and improved, by later inquirers ; but their 
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txperiments can never grow old. Until the laws 
of nature lose their permanency, what was a fact 
in one age is equally a fact in another, and tko 
succeeding observations can set it aside. 

The object of the present treatise is, to exhib- 
it known results in as simple a manner as possi- 
ble, and to show their application as required by 
the Engineer charged with the execution of hy- 
draulic works. It seems proper to begin by 
briefly recounting the various steps, by which 
this branch of science has advanced to its present 
state, and we shall do this in a small compass. 
We shall afterwards give an exposition of the 
theory of the motion of flowing waters, taken ^ 
from the works of Prony, Eytelwein, and Belan- 
ger, by whom it has been chiefly perfected, and^ 
then proceed to the practical application of the 
principles thus established. 

In Italy, where at a very early period all the 
resources of art were called for to restrain within 
their allotted bounds the numerous torrents, which 
rush down from the mountains, and to protect 
firom their ravages the fields and dwellings of the 
inhabitants, the study of hydraulics was eagerly 
pursued by a host of diligent and talented men. 
But notwithstanding their mdustry, and the large 
number of works which exist to bear witness to 
the extent of their labors, the subject was but 
little understood until within a very recent date. 
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In the year 1684, was published the Traite du 
Mouvement des EauXy by Mariotte. This author^ 
following a course better adapted than that of his 
predecessors to lead to useful practical results, 
sought to put his theory to the test of experi- 
ment. He made numerous practical observations 
on the motion of water when flowing in tubes, 
and from orifices of various kinds, and he gave 
rules for determining the height to which a verti- 
cal jet will rise in the air, when connected with a 
reservoir maintained at a constant height. The 
experiments made by him have since been re- 
peated with greater care, but we must not refuse 
bim the credit of having pointed out the true 
mode of investigation. 

In the year 1732, Couplet made, and communi- 
cated to the Academy of Sciences of Paris, a 
number of experiments on the conduit-pipes, 
which conveyed water to the gardens of Ver- 
sailles. Though seemingly intended only to 
minister to the luxury of Louis XIV., these mag- 
nificent works had an important effect upon the 
advancement of this branch of science, because 
they called the public attention more strongly to 
the subject, and furnished at the same time an 
opportunity of making experiments on a very 
large scale. Couplet showed the astonishing dis- 
crepancy between the practical results obtained, 
and those which would have been indicated by 
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theory as it then was, and thus proved the neces- 
sity of a great modlBcation of this theory. He 
investigated the resistance offered by the air 
which collects in pipes, wherever there are ver- 
tical flexures ; and even at the present day his 
experiments, which may be found at length in 
the Memoirs of the Academy of Sciences ol 
Paris, for 1732, are of great value, however little 
may be the importance of his theoretical views. 

Soon after this, the theory of hydraulics was 
established by Daniel BemouilH and by D'Alem- 
bert upon principles far more accurate than any by 
which their predecessors had been guided. Adopt- 
ing hypotheses, which appear very conformable 
to nature, they were able to express algebraically 
the conditions of the motion and equilibrium of 
fluids, and to render the solution of many ques- 
tions dependent only upon the progress of purely 
mathematical science. 

In the year 1771, the Abbe Bossut published 
his Theoretical and Eocperimetital Treatise on 
Hydrodynamics. This work, the most valuable of 
those which had yet appeared, contains a very 
large number of experiments made with the 
greatest care, and adapted to furnish a guide in 
the cases which are of the most common appli- 
cation. Those which relate more particularly to 
the subject before us, were made with a view to 
determine, with greater accuracy than had yet 
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been oone, the value of the coefficient of con- 
traction of the fluid vein^ as water flows from an 
orifice in a thin plate, or in additional tubes of 
various lengths and figures, the motion of water 
in conduit- pi pes of considerable length for various 
diameters and inclinations, and the motion in open 
canals and rivers. The experiments of Bossut 
were on a small scale, it is true ; yet their great 
accuracy, and the judgment which he manifested 
in his selection of the questions to be submitted 
to the test of experiment, place him among the 
highest on the list of those to whom the science 
of hydraulics owes its present advancement. 

It being now ascertained experimentally, that 
the motion of water in conduit-pipes or in open 
channels is influenced by retarding forces, whose 
effect is very great, Chezy, a French engineer, 
who in 1775 was studying a project for bringing 
the waters of the Yvette into Paris, undertook to 
express in an algebraical formula the laws of the 
motion of running water, taking into account 
these retarding forces. According to him, the 
retarding forces are proportional to the length of 
the canal, to the perimeter of the section in con- 
tact with the water, and to the square of the ve- 
locity. He came at length to the very simple 

equation, v = ICt^> in which t; represents the 
mean velocity, g the accelerating force of gravi- 
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ty, ft) the area of the section of the stream, f the 
difference of level between its two extremities, I 
its length, x the perimeter of the portion of the 
channel in contact with the water, fi a constant 
coefficient to be determined by experiment. 

In 1786, Dubuat published his Principes 
d'ByJraulique ; this work was the result of ten 
years' labor. Following the example of Bossut, 
and supporting by experiment every thing which 
he advances, Dubuat has furnished a most impor- 
tant guide to practical engineers. He first pro- 
poses an hypothesis, suggested by analogy or by 
a careful consideration of the various causes 
which may influence the motion of a stream of 
water, and then, calling experiment to his aid, he 
successively modifies his formulae, until he has 
brought them to represent, with sufficient accura- 
cy, the actual results. His fii'st object was to 
solve the problem, which he calls the key of hy- 
draulics ; namely, to determine what will be the 
velocity of a stream, when the section of the 
channel and its declivity are known. After es- 
tablishing as principles in the course of his inves- 
tigation ; 1 . that the moving force of each of the 
particles of water which compose a river arises 
simply from the inclination at the surface ; and 2. 
that, when water is flowing in a uniform manner, 
the resistance which it experiences is equal to its 
accelerating force ; he arrives at the formula 
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V = 807 (^-0.1) _ ,3 _ 

in which the letters represent the following quan- 
tities, the English inch being the unit. 
V. . . , the mean velocity per second, in inches, of 
a stream of water flowing in a channel of 
indefinite length, the section and the in- 
clination being constant, 
r . . . . the mean radius, by which is meant the 
quotient of the section of the stream, di- 
vided by that part of the perimeter of the 
channel, which is in contact with the water. 
In a circular pipe, the mean radius would 
therefore be one fourth of the diameter. 
i . . . . the denominator of the fraction express- 
ing the slope of the channel, the nume- 
rator being 1. Thus aslope of 1 inch in 
1,000 would be represented by toVo a°d 
b = 1,000. 
Log. designates the hyperbolic logarithm of the 
quantity to which it is prefixed, and can 
be obtained by multiplying the common 
logarithm by 2.30258. 
This formula, as may be seen by the experi- 
ments of Dubuat, represents the effective results 
with a very great degree of accuracy ; but it is 
of a somewhat complicated form, and contains 
a logarithmic quantity which renders it rather in- 
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convenient in its application.'^ Dubuat next pro* 
ceeds to apply this useful formula in various 
ways, and to show of what vast importance it is 
in determining questions relating to the flow of 
rivers, the effect of alterations which may be 
made in their channel, the influence of sinuosi- 
ties and of various obstructions to the regularity 
of their course ; and afterwards enters upon an in- 
vestigation of the motion of water in conduit- 
pipes and in jets d^eau, always confirming his 
views by showing their coincidence with nume- 
rous experiments. 

Smeaton, whose accuracy and care impart a 
value to all his experiments, turned his attention 
to this subject. Taking a pipe 100 feet long and 
IJ inches in diameter, he ascertained experimen- 
tally the depth of the column necessary to impel 
the water through it at various velocities from 
0.50 feet to 3.50 per second, and then assumed 
that the depth of the column in pipes of other 
dimensions was as the length of the pipe directly, 
and as the diameter inversely. From these ex- 
periments the following table was constructed. 

* A number of tables have been computed by 
Mr. John Lourie of Glasgow, to facilitate the ap- 
plication of Dubuat's formula, and may be found 
in the Edinburgh Encyclopaedia, art. Hydrody- 
namics. 
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The above table gives the velocities and head, 
when the length is 100 feet, and the bore 1 inch. 
If the length be 200 or 300 feet, the head must 
be double or triple. If the bore be | inch the 
head must be double ; if the bore be 2 inches, 
the head must be one half of that given in the 
table. The experiments were not sufficiently 
varied, nor numerous enough for us to use the 
table with that confidence, which the name of 
Smeaton usually inspires. 

Such being the state of the science at the 
close of the last century, in order to find a cor- 
rect formuki for the motion of water, it seemed 
to be an important object to ascertain more pre- 
cisely the nature and the influence of the retard- 
ing forces, and to find for them an analytical ex- 
pression both simple and accurate. In 1800, 
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Coulomb proved* that if the retarding forces 
were expressed by a function composed of two 
terms only, one of which is proportional to the 
first, and the other to the second power of the 
velocity, the motion deduced from theory would 
agree with that of experiment at moderate ve- 
locities. This was a very important discovery, 
and has powerfully contributed to advance the 
science. Mr. Girard a French engineer, who 
had charge of the execution of the Canal de 
FOurcq, which brings water to Paris, was the 
first person who applied Coulomb's researches 
in finding a formula for the motion of Sowing 
water. He expresses the resistance due to co- 
hesion by the term R'x^y and that due to the 
resistance occasioned by the roughness of the 
channel by Rx^^l hence adding the two ex- 
pressions he obtains R'x {^ + ^) for the sum of 
the resbtances, and 



i^ = R(r, + ^) 



for the formula of the motion, R' being a con- 
stant coefficient to be determined by experiment, 
and the other letters representing the same things 
as in the formula of Chezy given above. From 
a number of experiments Girard fixed the value 
of R at 0.0012181, the unit being the metre. 



* Memoires de Tlnstitut. 
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In 1S04, M. de Prony published his Physico* 
Mathematical Researches on the Theory of 
Flowing Waters y in which, after a profound theo- 
retical investigation of the proper form of the 
function expressing the retarding forces, he finds 
it necessary to give a different coefficient to the 
two terms, to both of which, Girard had given the 
same coefficient R. Selecting a large number 
of the most accurate experiments of Couplet, 
Bossut, and Dubuat, he then determines by 
means of them the numerical value of these co- 
efficients. This formula unites to its simplicity 
and facility of application, the advantage of rep- 
resenting more accurately the results of experi- 
ment, than those of any of his predecessors. 

In the Philosophical Transactions of the Royal 
Society, for the year 1808, was published a pa- 
per by Dr. Thomas Young, in which he proposes 
the following formula to represent the motion of 
flowing water ;. 

_/i , c^ c 
\a ' av « 

In which v represents the mean velocity per 

second ; 

(2 . . • • 4 times the mean radius , 
5 . . . . sine of inclination, or the 

head divided by the length ; 

a, . . c, . . quantities, which must be 



ini;roi>uction« 
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determined for various values of d. The unit 
being the English inch. 
He makes 

.=0.«K««0. {^!^i(.05H-?+ ^). 

In the same paper he has given the values of 
a and c already calculated for 44 different values 
of d, from d = 0.1 to d =z 500. The greater 
part of them are contained in the following table. 



d 


a — 


c =" 


d 


a = 


C := 




0,0000001 X 


0,0000001 X 




0,0000001 X 


0,0000001 X 





413 


900 


15 


354 


430 


500 


410 


944 


10 


339 


413 


400 


409 


948 


9 


336 


421 


300 


40C 


951 


8 


331 


433 


200 


404 


951 


7 


327 


449 


100 


399 


918; 


6 


322 


471 


90 


398 


903, 


5 


312 


507 


80 


396 


885 


4 


306 


556 


70 


393 


860 


3 


292 


635 


60 


39] 


825 


2.5 


284 


694 


50 


389 


772 


2 


277 


774 


40 


383 


698 


1.5 


266 


894 


30 


377 


597 


1 


251 


1099 


25 


371 


526 


0.5 


245 


1578 


20 364 


482 


• 1 



Eytelwein, a German hydraulician, published 
the results. of his experiments in 1814 and 1815, 

• When rf = 500 we have 

a = 0.0000001 X 410 = 0.0000410. 

C = 0.0000001 X 944 = 0.0000944. 
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iD the Memoirs of the Academy of Berlin. Fol- 
lowing in the steps of Prony, but having a great- 
er number of experiments to guide him^ he has 
given new values to the coeflScients first deter- 
nuned by his predecessor. The difference, howev- 
er, is so small as to have but very little influence 
upon the results within the common limits of ap- 
plication. 

An account of the labors of Prony and Eytel- 
wein, together with a valuable paper by Belanger, 
published in 1828, will be given at length in the 
following chapter. 



CHAPTER I. 



THEORY OF THE MOTION OF WATER IN OPEN 

CHANNELS. 



1. It is a fundamental property of fluids to 
transmit pressure equally in all directions. If a 
pressure be applied by means of a piston upon 
the surface of the water contained in a vessel of 
any shape whatever, any portion of the sides or 
bottom of the vessel, equal in extent to the area 
of the piston, supports (in addition to the effort 
due to the weight of the water) exactly the same 
pressure as if the piston were applied directly 
to it. 

The pressure which the water exerts in virtue 
of its weight increases with the depth below the 
surface, and is equal, upon any portion of the 
sides or bottom, to the weight of a column of 
water having for base the area of this portion, 
and for height the vertical distance of its centre . 
of gravity from the surface. 

The atmosphere exerts a pressure also upon 
all water to \rhich it has access ; so that, if a tube 

2 
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be placed vertically with one end in the water^ 
and the air withdrawn from it by means of a pis- 
ton or otherwise, the atmospheric pressure on the 
external water will be transmitted to that under 
the tube, which, meeting with no corresponding 
pressure above it, will rise till it has attained the 
height of about 34 feet, at which height its 
weight will counterbalance that of the atmo- 
sphere. 

2. The particles of which water is composed 
adhere so feebly to each other, that the slightest 
difference in the pressures exerted upon them is 
sufficient to set them in motion, and they wiU 
always flow in that direction where the pressure 
is the least. It is in consequence of this that 
water flows in the channels of rivers, through ca- 
nals when it has a slope at the surface, and 
through pipes ; yielding in the two first to the 
force of gravity, and in the latter case sometimes 
to the force of gravity, and sometimes to an im- 
pulse given by mechanical means. Indeed this 
extreme mobility causes it to flow, not only on a 
descending, but even on a horizontal or rising 
plane, when the surface descends in the direction 
of the motion. In this case, however, the mo- 
tion is still the ejSect of gravity. E^ch section 
of the stream being higher than that adjoining 
to it on the down-stream side, exerts a pressure 
due to its excess of height, and this is transmit- 
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ted horizontally in virtue of the known property 
of fluids. Thus each section is pressed forward 
by that which is above it on the one side, and 
presses forward that which is below it on the 
other, so that the stream flows onward in virtue 
of the declivity at the surface, whatever may be 
the inclination at the bottom. 

3. When water flows in virtue of its gravity, 
we might naturally expect its velocity to be uni- 
formly accelerated ; and if it possessed neither 
viscosity nor adhesion, and if the channel were 
perfectly polished so that there could be no fric- 
tion, this would certainly be the case. But the 
fact is far otherwise. Experience shows us that 
when the supply is constant, and the mode of 
discharge remains the same, streams of water soon 
attain a permanent state, and will continue to flow 
with the same velocity and the same declivity 
at the surface until some foreign cause begins to 
interfere. Hence we infer that there are retard- 
ing forces, in virtue of which flowing waters 
presently acquire a uniform instead of an accel- 
erated motion ; and this motion may be consid- 
ered as due, not to gravity alone, but to the com- 
bined influence of the force of gravity and these 
retarding forces. 

4. M. de Prony in his Recherches Physico- 
Mathemaiiques sur la Theorie des Eaux Couran- 
tes, published in 1804^ from an immediate con« 
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sideration of the accelerating and retarding forces 
obtained the formula RI =: av -}- bv^;m which 
R represents the mean radius, as it is called by 
Dubuat, or the area of the section of the stream 
divided by the length of the perimeter of the 
channel in contact with the water ; / the sine of 
the angle contained between the axis of the 
stream and a horizontal line ; v the mean velocity, 
or the quantity, which, multiplied by the section, 
gives the discharge ; and a and b two constant 
quantities. In a paper published in 1S25,* the 
same author shows in the following manner the 
train of reasoning by which we may be led to 
this equation. 

5. When water is flowing in a canal or pipe, 
a thin lining of fluid particles adheres to the inte- 
rior surface of the pipe or channel, and does not 
partake of the general motion. This stationary 
envelope opposes to the motion of the particles 
immediately in contact with it, a resistance arising 
both from adhesion, and from a sort of friction 
different from that which is observed at the con- 
tact of solid bodies, and which, by means of the 
adhesion, is transmitted from the outside to the 
interior of the stream. A uniform motion is ob- 
tained when, the form of the channel remaining 

* Recueil de cinq Tiibles pour faciliter et abr6- 
ger les Calculs des Formules relatives au MouYe- 
ment des Eaux, d&c, par M. de Prony. 
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invariable, the same quantity of water passes 
through each section in the unit of time ; gravity 
and the retarding forces thus combining to pro* 
duce a constant xlischarge. In such a case, let 
us now consider the stream as composed of fluid 
lines parallel to the axis, and both reasoning and 
observation agree perfectly in the following con- 
clusion ; that, the volume of water which flows 
through any transverse section of the canal or 
pipe remaining constant, the velocity in each lin- 
ear element of the stream is the same throughout 
its whole length, but varies as we pass from one 
line to another. The velocities then in difierent 
points of the same transverse sections are not 
the same. Thus there is one line in which 
there will be the greatest velocity, and as we 
pass to other lines we shall find in them continu- 
ally decreasing velocities, as they are farther re- 
moved from the first. In a cylindrical tube held 
in a vertical position, it is very evident that the 
line of greatest velocity will be the axis, and 
that the velocity will decrease as we approach 
the circumference. The position of this maxy' 
mum line, however, is not necessarily in the cen- 
tre of the figure of the section. In open canab, 
forinstance, we should be led to suppose it at 
the middle of the surface, and experiment shows 
that this is very nearly its position. 
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6. Among the various velocities of the dif- 
ferent lines which compose the stream^ there 
is one which we call the mean velocity. It is 
such that, if all the lines were endued with it, 
the volume of water flowing through each section 
in the unit of time would be exactly the same 
as that which actually flows now ; or, in other 
words, the mean velocity per second is equal 
to the volume per second divided by the section. 

This is a principal element to be determined 
in all calculations relating to flowing waters, and 
we must give an idea of the relations which 
exist between it and the other elements. 

7. It is evident, in the first place, that the 
mean velocity must increase with the inclina- 
tion, which last quantity has for its measure the 
sine of the angle contained between a horizon- 
tal line and the axis of the stream ; for the 
greater the inclination the greater is the compo- 
nent of gravity in the direction of the motion. 
On the other hand the resistance, which acts at 
the perimeter of the section, must augment with 
its length. But we know that, without chang- 
ing this length of perimeter, we may vary the 
extent of the inscribed surface ; and it has been 
found that, with the same declivity and length 
of perimeter, the greatest inscribed area corre- 
iponds to the greatest mean velocity. This fact 
might have been presumed a priori; for we 
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might naturally suppose that the influence of 
the resistance developed at the contact of the 
stream with the perimeter of the section, sup- 
posing this to remain the same, becomes on the 
whole less sensible in proportion as the volume 
of water on which it acts is more considerable. 
We have then two quantities which increase 
or decrease at the same time with the mean ve- 
locity, namely, the inclination, or the inclination 
multiplied by the accelerating force of gravity, 
and the area of the tranverse section ; and a 
third quantity, the length of the perimeter, 
which varies in a contrary manner. If we de- 
note by J, w, X} respectively the sine of the' 
angle of inclination, the area of the section, and 
the length of the perimeter, g being the ac- 
celerating force of gravity, represented by the 
velocity which a heavy body acquires in a sec- 
ond when falling vertically in a vacuum (^ = 

32.182 feet), the value of ■ will increase and 

decrease with the mean velocity v ; and this is 
a conclusion confirmed by all known experi- 
ments, and may therefore be considered as a 
fact established beyond dispute. It follows from 
this, that the mean velocity v is a function of 

€^ and reciprocally, so that ^— - = jP («), 

X X 

F (v) denoting a function of v, or a quantity which 
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increases and decreases with v. To determine 
the form of this function is a capital point. But 
it results from Coulomb's researches and ex- 
periments, that when the motion has become 
uniform, this function contains only the first 
and second powers of the velocity ; hence it 
must be of the form A a -{- B v^, and we have 

2—— z= Av + B v^,A and B being coefBcients 
to be determined by experiment. If we make 

— = Oy — =1 by g being sensibly constant, and 

- = Jl, we shall have U J = o t; -}- 6 t?^. 

X 

For the determination of the constants a and 

by see Art. 25. 

8. This formula of M. de Prony can be 
applied only in those cases where the motion 
of water is what he calls uniform; that is, 
when the stream may be considered as com- 
posed of straight and parallel lines, the elements 
of which have a velocity differing perhaps in 
the different lines, but constant in the same line. 
M. B^langer, a French engineer, has since 
given a more general solution of the question, 
and furnished a formula for the permanent mo- 
tion of flowing waters. This permanent motion 
be thus defines. 
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* Imagine a canal of a cettaln length whose 
sides and bottom are incapable of being moved, 
or any wise altered, by the stream which flows 
through them. Let the inclination and the trans- 
verse section vary according to any law, provid- 
ed however that there be no sudden changes 
of direction which might occasion eddies and 
undulations in the stream. Suppose, moreover, 
that the canal is supplied at one extrem- 
ity by a source which furnishes a constant quan- * 
tity per second, and that it discharges its waters 
at the other in a uniform manner, as for instance 
into a basin whose level is constant, or over a 
dam, or that it falls freely from the extremity 
like a cascade. After a certain interval of time 
from the moment the water is first let into the 
canal, a current will be established throughout 
its length, through every section of which there 
will pass per second exactly the same quantity 
of water that the source supplies. From that 
moment the surface of the stream retains inva- 
riably the same position, and a section taken 
at any point is always the same. The stream 
is now in a state of permanent motion ; and it 
is essential not to confound this with the uniform 

* Essai sur la Solution numerique de quelqaes 
Problemes relatives au Mouvement permanent des 
Eaux Courantes, par M. J. B. Belanger. 
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motion^ which is only a particular case of the 
former. 

9. The sole condition of permanent motion 
then is, that the stream may be considered as 
composed of fluid lines, invariable in form and 
position, discharging a constant quantity of water 
in the unit of time, but whose section, and con- 
sequently whose velocity, may vary in different 
points of the same line. It is this last circum- 
stance which distinguishes it from the uniform 
motion, in which the section and velocity remain 
constant through the whole length of each line. 

10. Belanger now proceeds to find analyti- 
cally a formula expressing, in the case of per- 
manent motion, the relation between the length, 
the velocity, the section, and the inclination, and 
begins like Prony by adopting three hypotheses 
which must be carefully kept in mind. 

(1.) Supposing the space occupied by a stream 
in permanent motion to be divided into infin- 
itely thin sections by a series of planes perpendic- 
ular to the axis, we admit that the velocity of 
all the particles of water, as they pass through 
any one section, is the same, and that this ve- 
locity only varies as we pass from one section to 
another. 

(2.) We suppose each particle to move sensi- 
bly in a straight line, so that we may neglect the 
centrifugal force resultmg from a curvilinear mo« 
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tioD, if such there be, as being of no appre- 
ciable consequence compared with the other for- 
ces which act upon the system. 

(3.) The following analysis applies only to 
those cases where the dimensions of the trans- 
verse section of the stream vary by quantities 
exceedingly small compared with the length, so 
that we may at each instant regard the veloci- 
ty of each particle as perpendicular to the sec- 
tion through which it passes, neglecting the ve- 
locities in a transverse direction, which do in 
fact exist, as soon as we admit a variation in 
the successive sections. 

11. Of these three hypotheses, the first, 
which supposes a motion by whole sections at 
a time, is never realized in nature ; because the 
effect of the resistance which the sides of the 
channel oppose to the motion of the water is 
continually diminished in its transmission from 
the sides to the centre line of the stream, which 
will therefore have the greatest velocity (Art. 5.). 
But as in general the velocities in the different 
parts of the same section do not differ very 
much from each other, it is evident that we 
commit but a slight error in substituting for them 
the mean velocity, which is the quotient of the 
quantity discharged in the unit of time, divided 
by the area of the section in question. 

12. This compensation being allowed, each 
linear element of the stream may be considered 
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as retarded by a force which acts like friction 
in a contrary direction to the motion ; and M. 
de Prony, in his Physico-Mathematical Research- 
es on the Theory of Flowing Waters y has shown 
that this force has for its expression the function 



g ^ (av + b v^), 




in which the letters denote the same thmgs as m 
Art. 7. 

13. This being premised, let us consider 
a point Moi the stream, vertically projected in 
j^ M', as in the annex- 

ed figure. Through 
this point suppose a 

pN^^^.. ■ ■ j - plane normal to the 

/ axis and intersecting 
it in P. This plane 
is perpendicular to 
that of the figure, and meets it in the line MP. 
Retaining the preceding signs, let also 
s represent the length of the part of the axis in- 
cluded between the point P and some 
fixed point on the axis taken higher up 
towards the source. 

y the distance ])fP between the particle 

in question and the horizontal line 
drawn through the axis in the plane of 
the transverse section, the projection of 
this horizontal line being P. 
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Y the angle which the direction of the axis 

at P, or what is the same thing, which 
the direction of the velocity of the 
stream at M^ makes with the horizon. 

jf the pressure of the fluid, at the point 3f« 

t the time counted from a given moment. 

The gravity which acts upon the fluid at the 
point M may be decomposed into two forces ; 
one perpendicular to the direction of the velocity, 
like the ordinate y, which will be g cos y ; the 
other in the direction oF the motion, which 
will be g sin y.* Thus the accelerating forces 
applied to the fluid are : 

in the direction of the motion 



^ sin / — — (a v + 6 «^ 

and perpendicularly to the motion 

g cos /. 

We now remark that since the motion of the 
fluid is sensibly rectilinear, the particles which 
pass the point M move as if acted upon by a 




Angle Jf = / 
M'Q = g 
M'G is decomposed 
into 

M}P = ^ cos ;' 
and into 

QP = g sin y. 
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Applying therefore the priDciples of the equi- 
librium of fluids, we shall have the two differen- 
tial equatioDS 

dp 

14. As Y is not a function of y we can inte- 
grate the latter equation, and shall have 

c designating a quantity independent of y, though 
it may be a function of s. In order to de- 
termine its value, we may observe that, as the 
stream is open to the atmosphere, the pressure 
on its surface is a constant quantity. Let A be 
this constant pressure, and h the value of y, which 
corresponds to the surface of the water at the 

The pressure ^ and the force F are in equilibri- 
um ; therefore, 

The pressure j^ and the force 8 which produces 

the motion, taken in a contrary sense to its, direc- 
tion, are in equilibrium ; therefore 
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sectioD of the stream under consideration. In 
other words, let h be the distance of the point P 
on the axis from the surface of the stream in this 
section ; we shall have 

-4 = — gh CO& Y '\' ci 

and eliminating c between this equation and the 
preceding, we have 

p = A + g (A — y) cos y. 

15. From this general formula we can now 

obtain a second value of ^. Strictly speaking, 

the quantities h and cos y aire both functions of 
s ; but, as the motion of the stream is very near- 
ly rectilinear, the variations of the angle y may be 
neglected when compared with the variations of 
f • In differentiating, therefore, we may consider 
as constant cos y^ which moreover will always be 
very nearly unity. We have then 

dp dh 

16. Substituting this value of -^ in the first 
member of the equation found above, we have 

whence we deduce 

3 
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47. Calling Q the constaDt disebarge m Ae 
unit of time, we have 

Q Q 

t; = — , and thence dv = & d «. 

We have also evidently 

ds ds Q -. c dvds Q* , 
-7- = t;, or -T- = — : therefore .^ = s-aw. 

Substituting this expression in the equation of 
Article 16, we have 

tmyds — QOBydh — - (a» + 6tr)c?«+ -^rfwaiO, 

18. Now, according to the hypotheses with 
which we set out (Art. 10), it is evident that 
we may choose for the axis of the stream any 
one of its linear elements, as for instance the line 
drawn lengthwise through the lowest points of 
the bed of the canal. In that case, the length s 
will be measured upon the bottom ; the ordinate h 
will be the greatest depth of water measured 
perpendicularly to the axis, in the section which 
is normal to the end of the arc 5 ; / will be the 
angle, which the bottom makes with the horizon 
at that point ; and, if we make sin y = t, the pre- 
ceding equation becomes 

The bed of the canal is supposed to be known ; 
its inclination and profile may vary from one ex- 
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tremitj to the other, provided it be^by insensible 
degrees ; i will be a known function of s ; fo and 
X will also be known functions of s and h ; so will 

also V, since v =z — . The last equation there- 
fore may be made to contain no other variable 
quantities than 8, h, and their differentials. Con- 
sequently it becomes merely a problem of the in- 
tegral calculus to determine the curve described 
by the fluid elements of the surface, which curve 
will be completely known when we obtain the 
value of the depth h, perpendicular to the axis, 
corresponding to any value of the length s, 

19. When the inclination and the section of 
the canal are constant, the problem is much sim- 
plified. X ^nd ^ ^'^1 1^6 Unctions of h only ; and 
if we call x the variable width at the surface, this 
quantity will also be a function of A, and we shall 

have 

d n z=. X d h, 

20. Substituting this last expression in the 
equation of Article 18, and for -—• its value r^, we 
have 



— 1 — t^ 

ds=-^£^ dh, 

^ {av + bv^ — i 



0) 



an equation, which b of the form ds z=zF(h)dh, 
the simplest which we can have to inte« 



36 MOTION OF WATER IN OPEN OHASTNEItS. 

grate. For each value of A this will give a cor- 
responding value of -TTi the inverse of which -r- 

a n as 

will be the trigonometrical tangent of the angle, 
which the surface makes with the bottom of the 
bed ; and since, by means of the angle t, we 
know the angle of the latter with the horizon, we 
can infer the angle which the surface makes with 
the horizon. This may sometimes be wanted. 

21. Among the values which may be given to 
A in the preceding equation, there is one which 
is particularly remarkable. It is that which ren- 
ders the quantity ^ infinite. The sole condition 

to determine this value of A is, that it shall be 
such as to satisfy the equation 



X 

CD 



^{av + hv^) — i = 0. 



The linear quantity - is what is called the mean 

radius of the transverse section. In such prac- 
tical cases as those we have been considering, 
when A increases, this quantity increases also, and 

consequently - must diminish. Evidently also r, 

which is equal to — , must diminish at the same 

time, and consequently av -\- hv^. From this it 
follows : (1.) That the above equation can only 
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be satisfied by a single value of A, which we call 
H.\ (2.) That according as we substitute in the 

polynome - (a t; + ^ ^^) — * ^ value of A great- 
er or less than jET, this polynome will be negative 
or positive. 

22. The value H. giving ^-r = oo or t— =: 0, 

we see that^ at the place where the stream has 
this depths the surface has the same inclination 
as the bottom. This quantity JBT is therefore the 
height corresponding to a uniform motion. The 
preceding equation (Art. ^V)j which it satisfies, 
is in fact the equation given by M. de Prony, for 
the case of uniform motion. 

23. Whenever, in such a canal as that men- 
tioned in Article 19, we know that at a deter- 
mined point of the length of the stream the depth 
A has a certain value Aq, different from that 

which belongs to a uniform motion, in order to 
find other points of the longitudinal profile, we 
have only to integrate the expression for d s 
given in Article 20, beginning with the limit Aq ; 

but as even in the simplest cases to perform this 
integration rigorously would lead to very long 
calculations, it will be much better to give to 
the variable depth A a series of values Aq, A|, A^, 

A3 , . . . . increasing or decreasing (according to the 
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question) by slight degrees from Aq forward, and to 

integrate by approximation the differential ds suc- 
cessively from Hq to hi ; from A^ to A3 ; from A3 to 

A3, ... . until we reach the ordinate at which we 

think proper to stop. (See Art. 91 and following.) 

24. We have said (Art. 22) that the exjuation 

^ (a V + b v^) — f =: is Prony's formula for 

the velocity of water in canals. Since i is the 
sine of the angle which the bed of the canal 
makes with the horizon it represents the same 
thing as I, and it is equal to the difference of 
level between the two extremities divided by 

the distance between them. Moreover — is 

X 

the mean radius which Prony calls R. The 
above equation becomes then 

a V -\- b v^ =z RI, 

which IS its most common form. 

25. Having obtained this simple equation to 
express the relation between the velocity, the 
section, and the inclination, it remains to deter- 
mine numerically the values of the constant co- 
efficients a and b. This can only be done ex- 
perimentally. By a careful discussion of thirty- 
one experiments, chosen on account of the ex- 
actness With which they were made, Prony 
found that when the unit is the metre, the prop- 
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er ralues to give to these constants iQ <>rder to 
agree with experiment are. 

a = 0.0000444499 
6 = 0.0003093140. 

According to Eytelwein, who determined them 
by means of a greater number of experiments, 
they are^ the unit being the metre, 

a = 0.0000242651 
h = 0.0003655430. 

26. As the English foot is our unit, we must 
see what alteration in the value of these con- 
stants is necessary, in order to give us a for- 
mula answering to our measures. The equation 
is 

a « + ^ ** = -RJ^' 

/ is a ratio, and will not change, whatever unk 
we adopt. If we had t? and R given in feet, 
we might reduce them to metres, and, substi- 
tuting their metrical value, the formula would 
hold good. We should thus have (see Ap- 
pendix) 

3.2808992 ^ (3.2808992)9 " 3.2808992' 

a and ( retaining their metrical values. 
From this we deduce 

" " + 3.2808988 "^ = ^'' 
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in which Vy Ry and ly are given in English feet. 
Consequently, in order to make the proper al- 
teration, it is only necessary to divide the values 
of b by 3.2808992, and to retain for a its former 
numerical value. We thus have 
1st, according to Prony 

a = 0.0000444499 
b = 0.0000942772 ; 

2d, according to Eytelwein 

a = 0.0000242651 
b =0.0001114155. 

27. If we represent by Q the discharge 

per second, we shall have v ^ - . Substitut- 
es 

ing this in the formula, and remembering that 
-R = — , we shall have the equation 

which gives directly the relation between oi, Xy I9 
and Q, in the case of uniform motion. Thus, 
any three of these quantities being determined 
a prioriy the fourth must be such as to satisfy 
the conditions of this equation. 

28. * Recapitulating the practical results which 
we have now obtained, we may say then, that 

^— ^^— ^^^^■^^^■^^^■^^^— — ^■^^^^■^—— * - '" »■■ ■■■■ ■■■—■■■■■ ^^^^^^i»^M^^— — p^i^^^^ 

* This article contaiDs all the results of the 
preceding investigation. In order to apply them 
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in open streams which are flowing with an uni- 
form motion, calling 

«... the area of the section of the stream, 
Z • • ' that portion of the perimeter of the sec- 
tion of the bed, which is in contact with 
the water, 
/• • • the fall divided by the length, 

«... the mean velocity per second, = — , 

Q • . . the discharge per second, 

12 ... the mean radius, or — , 

(the unit being English feet,) 

the relations between these several quantities 

may be expressed by the following formulae, 

0.0000444499 v + 0.0000942772 «« = H J, 

whence we deduce, 

V —05357404865 + ^00556735823 + 10607.020269/1/ 

and 

0.0000444499 Q w + 0.0000942772 Q« = - I, 

according to M. de Prony ; 
and 

0.0000242651 v + 0.0001114155 «• = !?/, 

practically, we may take them as here given, with- 
out the necessity of recurring to the preceding 27 
articles, which show the method by which these re- 
BultB may be obtained. 
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whence we deduce 

« = — 0.1088941604 + V'0.0n8580490 + 8§75.414286 RI, 

and 

0.0000242651 Q cu + 0.0001114155 Q« = — /, 

according to Eytelwein. * 

It is to be borne in mind that, to realize in 
practice what we call uniform motion, the canal 
or stream should be straight, and with the sanoe 
section and inclination from one end to the other. 
In proportion as it varies from these conditions, 
we may expect to find the formulae in fault. 

The constant coefficients given by Prony were 
determined by thirty-one experiments ; of which 
twenty-three were made with great care by Du- 
buat, upon small channels made purposely for 
the experiment ; four in the Canal du Jard, and 
three in the River Hayne, likewise by Dubuat ; 
and one by Chezy in the brook of Courpalet ; 
the section varying from 1 to 312 square feet, 
and the fall per foot from 0.000028 to 0.047 

• Logarithm of 0.0000444499 = o.6478708 — 5. 
Logarithm of 0.0000942773 =: o.97440«8 — s. 
Logarithm of 10607.020269 == 4.0355934. 
Logarithm of 0.0000342051 z= o.384983i — s. 
Logarithm of 0.0001114155 = o.0469456 — 4« 

Logarithm of 8976.414385 = 8.9530545. 
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foot. Eytel wein's coefficients were determined 
by a greater number of experiments. 

If we wish to apply the formulae of uniform 
motion to a stream in which the inclination of 
the bed is not always the same^ we should divide 
it into several parts, and apply them successive- 
ly to each one of these. 

29. The following table * has been calculated 
from the formula a « + 6 i;^ = RI, and will 
save some labor in applying it to practice. By 

* M. de Prony has given tables of the values 
of 12 /corresponding to those of v, from v = ooi 
metre to v = s metres. It may be useful to 
know how to apply them, supposing the quanti- 
ties are given in feet. Suppose, then, R I given 
in feet; J, being a ratio, does not change with the 
unit, and RI in feet, multiplied by o.8047W4, 
will be the value of RI expressed in metres. 
Thus the column of values of 12/ in M. de Pro- 
ny's tables may be called a column of values of 
0.8048 12/, the measures being English. More- 
over the corresponding values of v in Prony's ta- 
bles are in metres. But v metres = (s.ssosooa v) 
feet. Therefore the values of v in the Table 
must be multiplied by s.asoseos to give the an- 
swer in feet. Or if we retain the same numbers 
as in Prony's tables, we must call them values 

of ■ ^ . Thus we can use his tables, by merely 

8.381 

changing the captioui thus ; 
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means of this table, if 12 J be given, we can find 
by inspection what will be the corresponding 
velocity; or, if the velocity be given, we can 
find the corresponding value of it J, whence we 
can determine at once the value of J if ii be 
given, or that of iJ if /be given. 

Frort. 
Valaei of v, — Valaei of A/corrMponding to thoio of v. 

English Table. 

Valaei of --Zr- — Valnet of 0.3048 A/corretpoDdinf to those of -^. 
3.281 3Ja81 

Supposing then RI given in feet ; multiply it by 
0.8048 and we have the value of o.8048 R J, with 
which we enter the table. Opposite to it is the 

value of — - — ; multiplying this by s.asi, we have 

8.381 

the velocity v in feet. 
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TABLE 

^ t^ailaHng tke kotion of wi.tir in ofkr cahali. 7%« 
ejuaUoa for tht metioit bmtg, according la Ettelwbim 
0.0000342651 v + U.UUUll J415r, ,3 = HI, aiui according U» 
pBont O.00004444'JD If + 0.0000942773 vS iii,,„ ,rkich r 
it the mean nclocity, R the mean raditu, and llic diffcrcnee of 
teeel biliBeat the too cztremilia, dividtd by tht length of Iht 
Canal, ^a in £-nglis& feel. 





VbId. of fi / whsn v.lo- 


Vai^lly 


V.lu. or R I wIu:q ..i;^ 


Z^^.: 




FBDicr 




B.Tii.wm« 


' "PHOMI 


fB«. 












0.05 


0.D00IIUI5 


0.00OO025 


1.55 


[),0003053 


0.0002954 


0.10 


O.0O0W135 


0..1000054 


1.60 


0.0003240 


0.0003125 


0.15 


O.OUOWKil 


o.oooor>87 


1.65 


G.0003434 


0003300 


OJJO 


0.000(1093 


0.0000127 


1.70 


0.0003632 


0.0003460 


0.25 


0.0(1001311 


0.0000170 


1,75 


0.0003837 




0.36 


0.0000173 


o.<poooaie 


i.ao 


0.0004047 


0.0003855 


0.35 


0.0000331 


11-0000271 


1.B5 


0.0004262 


00004049 


0.40 


0.000«i275 


0000329 


1.90 


0.0004483 


0. 0004248 


0J5 


0.OOOO335 


0.0000391 


1.06 


0.0004710 




050 


0.00004(10 


O.O00IH5B 


2,00 


D.0004»4S 


o!oOD4660 


0.55 


o.oooo47n 


O.U00053U 


205 


0.0005180 


0.0004873 


0.60 


0.0000547 


o.onooeo6 


2.10 


0.0005423 


0.0005091 


0.65 


D.OOOOKte 


O.000O687 


2.15 


0.0005672 


0,0005314 


0.70 


0.0000716 


0.0000773 


2,20 


0.0005926 


0.0005541 


0.75 


0000809 


0.0000864 


2.23 


0.0006186 


0.0005773 


0£0 


0.0000907 


0.0000959 


2.30 


0.0006452 


0.0006010 


0.85 


0.0001011 


0.0001059 


2.35 


0.0006723 


0,0006^1 


0.80 


0.OOOI121 


0.0001164 


2,40 


D.0007000 


0,0000497 


055 


o.oooia3fi 


0,0001273 


2.45 


0.0007282 


0.0006748 


100 


oinoisa? 


0.0001387 


2,50 


D.O0OT570 


0.0007004 


1.05 


0.0OOI4S3 


O.00015O6 


255 


0.0007864 


0.0007264 


1.10 


0.00(11615 


O.UHI1630 


200 


(1.0008163 


0.0007529 


1.15 


0.000] TOS 


0.0001758 


2.G5 


D.0008467 


0.0QU7799 


IJiO 


o.oooiar. 


0.0001S01 


2.70 


0.0008777 


0.0008073 


13a 


0.00021144 


0.000202!) 


275 


U.0009093 


0.0003352 


1.3P 


0.0002108 


0.0002171 


2.80 


0.0009414 


0.0008636 


1.3S 


n.0002358 


0.11002316 


285 


0.0009741 


0.0008925 


140 


0.0002523 


0.00112470 


2.90 


0.0010074 


0.0009218 


1.45 


il.00026iM 


O,O0oa«137 


2.95 


0.0010412 


0,(J0095I6 


1.50 


fl.0002d71 


0.0002768 


3.00 


0.0010755 


0.0009818 
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TABLE — continued. 





Vidua o( R 1 wh™ v.lo- 




VJmof «/ »h.«.^ 




cilJ=T. 




oi.y = ,, n 


md = i. 


Ettsiwi;.- 


PlDBl 


aiul=II. 


ElTILVElK 


mo ST 


s 


a.ooiiiU5 


0010120 


5-15 


0.0030600 


000272M 


3.10 


0-001145!) 


0010438 


6.20 


0.0031380 


0.«oa7804 


3-15 


o^iirfao 


0.00111755 


5.25 


U.0U3I9H3 


0WI3B319 


3.3U 


(W)0iai85 


0.001 ]07li 


5-30 


U.003S663 


0.M38838 


3.25 


0.0012557 


0.0011403 


6-35 


0,uli33leti 


0-0U29363 


3.30 


U.0UI2U34 


0011734 


5.40 


0,0033709 


0-U02tie91 


3.35 


O.0013317 


0.0019. «!! 


6.46 


0.01134410 


O.UD3049S 


3.40 


001^05 


0012410 


6.50 


0-0085036 0O(l309U| 


3.4S 


n.oni40i)!) 


U.00127ri5 


5.55 


O003e(i05 


0.0031507 


3.60 


001449^ 


0.0013106 


5.60 


0.0036299 


O.OO3206B 


35S 


D-OUl 41X13 


0.0013459 


5.65 


0.0036938 


0.0038607 


300 


0.0015313 


0.0013819 


5.70 


0037582 


0.0CI33164 


3.05 


0001573!) 


0.001411J3 


6-75 


1I0U38232 


0.0033726 


3.70 


0.0010151 


0.0014551 


5,80 


a.Q038ee8 


0DO34S93 


3.75 


0.001C578 


0.00I4tlS5 


6.85 


0.003tffi49 


0.003*864 


3.80 


0.0017011 


0.O0I5303 


5.90 


0040216 


0.0035440 


3.85 


B0O17449 


oooisoeo 


5.S5 


0.0040888 


0,003(1021 


3,ao 


0.0017893 


0.0010073 


6.00 


U-0O4I506 


0.O036607 


3.115 


D.DDIB34a 


U.001(!465 


6.05 


0.0042249 


0.0037197 


4.00 


0.001871)8 


o.ooi(ie«j 


6.10 




0-0037799 


4.05 


0.0010258 


O.II0I7-2O4 


G.I5 




0.0038392 


4.10 


(|.001!)7a4 


O-O0I7670 


620 


0.0044333 


0.0038996 


4.15 


o-aosavM 


0.0018082 


625 


0.0045038 


O.0O39605 


4.30 


0020673 


l)-00ie497 


6.30 


0.0045750 


0.1:040210 


4S5 


0.0021150 


O.0018918 


6.35 


0.0041)4(7 


0.0040837 


4.30 


o.ooaiE44 


0-0019343 


6.40 


0.0047189 


0,0041461 


4.35 


0-0oaS138 


(1.0019773 


6,45 


0.0047917 


0.0042089 


4.40 


0.00St9G38 


O.002il2O8 


6,50 


B.0048ti60 


0.0042721 


4.45 


0-00S3143 


0-0020647 


6.55 


0.0040389 


(I.O0433SS 


4J>0 


O.0OS3654 


O.OOSIOQI 


6.60 


0.0050134 


0.0044001 


4.55 


0-0024170 


0.003] 540 


6.65 


0.0l)508!4 


0.0044648 


4G0 


0.01IS4692 


U.0021994 


6.70 


0.0051610 


O.0O45299 


4.65 


0D02SS10 


n.Diffla45a 


6.75 


0.0052402 


0.0045956 


4.70 


0.0025753 


0-00229J5 


6.80 


0.0053169 


0-0046616 


4.75 


0.0090291 


00023383 


6.85 


D.005394I 


0047282 


4.80 


0.0026836 


0-0083855 


6.00 


0.0054719 


0.0047962 


4.85 


00027385 


0.0024332 


0.95 


0,0055503 


O.0O4SC27 


4.90 


0.OO27W0 


0.0024814 


7.00 


0.0056292 0.0049307 


4.95 


0.0OS850] 


0025301 


7.05 


0.0057087 0.O04999S 


5.00 


01120007 


0.0025792 


7.10 


0.0067887 0.0050661 


6.0& 


0.0029039 


0020288 


7,15 


0,0056693 0.0051375 


5.10 


0.0030217 


0.0026768 


7,20 


0.0O595O5 10.0052074 
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TABLE — * continued. 



Velocity 


Value of RI when velo- 


Velocity 


Value of RI when tqIo- 


per sec- 


city =«. 


per sec- 


ciiy =».- 


ond =v. 
foot 


ErTSLWBizr 


Front 


ond:^ V. 
foot 


Bttelweik 


Proht 










7J85 . 


0-0060322 


0.0052777 


8.65 


0.0085463 


0.0074385 


7.30 


0.0061145 


0.0053485 


8.70 


0.0086442 


0.0075226 


7.35 


0.0061973 


0.0054198 


8.75 


0.0087426 


0.0076070 


7.40 


0062807 


0.0054915 


8.80 


0.0088416 


0.0076920 


7.45 


0.0063646 


0055638 


8.85 


0.0089411 


0.0077774 


7.60 j 


0064491 


0.0056365 


8.90 


0.0090412 


00078633 


7.55 


0.0065342 


0.0057096 


8.95 


0.0091419 


0.0079497 


7.60 


0.0066198 


00057833 


9.00 


0.0092430 


0.0080365 


7.65 


0.0067060 


0.0058574 


9.05 


0.0093448 


00081238 


7.70 


0.0067927 


0.005(9319 


9.10 


0.0094471 


0.0082116 


7.75 


0.0068800 


0.006()070 


915 


0.0095500 


0.0082998 


7.80 


0.0C69678 


0.0061 }825 


9.20 


0.0096535 


0.0083886 


7.85 


0.0070562 


0.0061585 


9.25 


0.0C97575 


0.0084778 


7.90 


0.0071452 


00062350 


9.30 


0.0098620 


0.0085674 


7.95 


0.0072347 


0.0063119 


9.35 


0.0099671 


0.0086576 


8.00 


0.0073247 


0.QO63893 


9.40 


0.0100728 


00087482 


8.05 


0.0074153 


0.0064672 


9.45 


0.0101790 


0.0088392 


810 


0.0075065 


00065456 


9.50 


0.0102857 


0.0089308 


8.15 


0.0075983 


00066244 


9.55 


0.0103931 


0.0090228 


8.20 


0.0076906 


0^067037 


9.60 


0.0J0501H 


0091153 


825 


0.0077834 


0.0067835 


9.65 


0.0106094 


0.0092083 


8.30 


0.0078768 


0.0068637 


9.70 


0.0107184 


00093017 


8.35 


0.0079708 


0.0069444 


9.75 


0.0108280 


0.0093956 


8.40 


0.0080653 


0.0070256 


9.80 


0.0109381 


0.0O94900 


8.45 


0.0081604 


0.0071072 


9.85 


0.0110488 


0095848 


8.50 


0.0082560 


0.0071893 


9.90 


0.0111601 


0.0096802 


8.55 


0.0083522 


0.0072719 


i 9.95 


0.01127J9 


00097760 


860 


0.0084490 


0.0073550 


1 10.00 


0.01 J 3842 


0.0098722 
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CHAPTER 11. 

THEORY OF THE MOTION OF WATER IN PIPES. 

30. The conditions for the uniform motion 
may be easily realized in the case of pipes^ and 
therefore the formula which belongs to that mo- 
tion may be used with confidence in practice. 
The following method of arriving at this formula 
has been given by Belanger. 

Let MMMM be an infinitely thin section of 

the stream. As 
the motion is per- 
manent and urn- 
form, the forces 
which act upon it 
must be in equilib- 
rium. 

If we call p the mean pressure upon the sec- 
tion MM, I hat upon the section MM' will be 
p -f dp ; we must therefore take into account the 
force 0) dp, which acts in a direction contrary to 
the motion, w being the area -of the section. The 
resistance of the pipe is also another retarding 
force ; this resistance is a function of the velocity, 
and also proportional to the surface in contact 
with the element under consideration. Calling v 
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the velocity ; x the circumference of the pipe ; 
s the length measured from some fixed point, the 
resistance will be 

x<p {y) ds, 

ip (v) denoting an unknown function of the ve- 
locity. 

The force which acts upon the mass MMMM 
in the direction of the motion is, its weight de- 
composed in the direction of s. It is therefore 
w dsg cos By calling fl the angle which the tan- 
gent at the point in question makes with the ver- 
tical, and g being the accelerating force of gravity. 

Calling dz the dijfference of level between 
the points M and M, we have 

dz =z ds cos d ; hence m d s g cos B = mg dz. 

Putting this force in equilibrium with the two 
preceding, we have 

(og dz = ft) dp •{• x<p(y) d s* 

31. If we now integrate from the origin of the 
pipe where we suppose the pressure to be P to 
the section M9f, we have 

lagZ =z fa {p — P) + ;j; 9 (ij) 5. 

Calling the pressure at the end of the pipe /r, 
the whole length A, and the difference of level be- 
tween the two extremities f, we shall have, inte- 
grating from one end to the other, 

mgj; = w {n—p) -^ x^{y) ^• 
4 
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Eliminating <p (v) between these two equationSi 
we shall have 

g (X z — s i) =z xp — {X — s) P — 8 n, 

which is the same equation as that given by Pro- 
ny in Article 119 of the Physico-Mathematical 
Researches, By means of it we can determine 
the pressure p, which generally varies from one 
point to another of the pipe. 

32. By means of the equation 

0)^ f = 0) (/z — P) + ;ir 9 (») X 

we shall be able to explain all the circumstances 
of the motion. We have already seen that ex- 
periment has proved, that the resistance caused 
by the friction against the sides may be repre- 
sented by the expression 

jir (a V + 6 tr*) d 5, 
Consequently 

9 (r) = a i; -f- 6 t;^, 

a and b being two constant numbers. 

Substituting this in the last equation, we shall 
have 

I JL^ ^ ^i — (^ — P) 
a t; + 6 tr z= - 2-Z L i, 

X X 

33. If the pipe have a diameter I>, we have 

X 
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therefore 

34. We have represented by P the pressure 
upon the upper extremity of the pipe. And this 
pressure is produced by the weight of the col- 
umn above it. 

But the weight of this column not only exerts 
a pressure, but imparts a certain velocity to the 
fluid beneath it, so that, strictly speaking, we can- 
not in the formula above obtained substitute this 
weight of water for the pressure alone. But in 
the case of small velocities, the di^rence is in- 
sensible, and there will not result any perceptible 
error if we make p =i g H, calling H the col- 
umn upon the upper extremity, and n = g EP, 
Hf being the column upon the lower. By mak- 
ing these substitutions we obtain 

35. If we divide both members of this equa- 
tion by g^ and make r ==/, we shall 

have, making - = o and — =r /J, 

which is the form under which it is most com- 
monly given. M. de Prony has determined, by 
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means of fifty-one experiments made upon pipes 
by Cou piety Bossut, and Dubuat, the numerical 
values of the coefficients « and /J. They -are 

a = 0.0000173314 ; p = 0.0003482590 ; 

the unit being the metre. 

To find the proper values to give them when 
we take the English foot for our measure, we ob- 
serve that if r, D, and /, were given in feet, we 
might reduce them to metres by dividing their 
values by 3.280S992, and the formula would hold 
good. We should thus have 

av pv^ __ - D 



3.2808992 ' (3.2808992)2 — ^ 3.2808992^' 

(X and p keeping the numerical values which 
Prony gives them. From this we deduce 

" ^ + 3.280^8992 "" = * ^J' 

Thus the constant « will retain its former value, 
but p must be divided by 3.280S992. We shall 
have then 

a = 0.0000173314 log of « = 0.2388336 — 5 
p = 0.0001061473 log of p = 0.0259093 — 4 

and the equation becomes 

0.0000173314 V + 0.0001061473 v^ = i D j\ 

the unit being thfe EngHsh foot. 



i 
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36. According to M. de Prony, we may, ex- 
cept in cases where the velocity is exceedingly 
small, neglect the term containing only the first 
power of «, in the equation of Article 35. 
This equation then becomes 

0.0001061473 f^ = l Dj\ 

whence we deduce the very simple expression 

V = 48.53 VSj ; 

the logarithm of 48.53 being 1.6860154. 

37. In using this coefficient we commit an er- 
ror by excess ; and it is worth while to see how 
great this error may be, within the common lim- 
its of practice. If we make v = c\/Fj, we can 
easily find by means of a table (Art. 44) calcu- 
lated from the formula of Article 35, what should 
be the value of c corresponding to various ve- 
locities, in order to make this simple formula give 
the same results as the rigorous formula. We 
shall find that when 

V ^ 0.50 12 3 4 5 

c = 42.137 44.992 46.661 47.262 47.569 47.758 

6 7 8 9 10 

47.883 47.975 48.043 48.096 4ai39. 

Hence if, after using the coefficient 48 53, we 
find the value of v equal to 3 feet for instance, it 
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would be more correct to use the formula 
47.262v'^*, and calculate a second time. Our 
result would more nearly agree with that which 
the rigorous formula would give. 

38. If we represent by Q the discharge per 
second, it is evident that, the diameter being D^ 
we have 

Q = —^ r, whence v = —^ , 

n being equal to 3.1415926. 

Substituting this value of v in the formula of 
Article 35, it becomes 

whence we deduce 

0.000088268 jD^ Q + 0.000688319 ^ = Ifij ; 

by means of which, knowing the value of j and 
of the diameter, we find at once the discharge. 
39. The formula of Article 36 becomes 

i^, = 48.53V57, 

whence we deduce 

Q = 38.116^^67. 

From what was said in Article 37 it is evident 
that this value of the coefficient will generally be 
a little too large \ since at the various veloci- 
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ties we ought strictly to have used, instead of 
48.53, the corresponding values of the coefficients 
for those velocities, given in that article. We 
should thus have 

V = 0.50 1 2 3 4 

coefficient = 3a094 35.337 3a648 37.120 37.360 

5 6 7 8 9 10 

37.509 37.607 37.680 37.733 37.775 37.808; 

and thus, if we had first ascertained that the ve- 
locity was about 5 feet, instead of 

q = 38.116^557, 

we might use more correctly Q = 37.509\/^7. 
40. Eytelwein has given the following formula 
for the uniform motion of water in pipes ; 



— 0.03988 + Jo.0015904 + 891.85 



X 
v=z ^ ^ , 

1 + 68.865 J 



the unit being the metre. 
This formula becomes * 



♦ If D, f, and X are given in feet, we may mul- 
tiply them by 0.30479449 to reduce them to me- 
tres and enter them as such in the formula. The 
result will be a velocity in metres, which we must 
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—0.130842+ Jo.0171955+2926.0664 ^ 

« = ^ » 

1 + 68.365 y 

the unit being the English foot. 

41. Eytelwein has also given a simpler formu- 
la, which will be sufficiently correct in practice. 
It is 

— — ~-g, the unit being the metre. 



or 



i~4r^J7>' ^^® "°*^ being the foot, 
and the logarithm of 47.895 being 1.6802583. 



multiply by 8.3908993 to reduce to feet. Thus 



^+J'-* 



... ^C 

.03988-f- 0.0016904 -f 0.3048 X 891.86 — 

V = 8.2808993 ^ 

1 + 68.866 — 

will be the formula in English feet. In like man- 
ner the simple formula is 



26.44 D t; 

V = 



\/ 0.30479449 \ ^ -f- 64 D 

in English feet* 
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4 Q 

42. Substituting ia the last equation — jr^ for 

Vy we have 



or 



« = 3^«i*>lrT^' 



the logarithm of 37.614 being 1.5753482. 

43. * Recapitulating the results which we 

have now obtained, we may say then, that, calling 

D . . . the diameter of the pipe, 

f • . . the difference of level between the upper 
surface of the basin where the pipe com- 
mences and the upper surface of the basin 
where it discharges, or the extremity of 
the pipe if it discharges in the open air, 

Z • . • the length of the pipe, 

•^ • • • r 

V . • • the mean velocity per second or the dis- 
charge divided by the section, 



* This article contains all the formulae on the 
Motion of Water in Pipes, which are needed in 
application. The preceding articles of this chap- 
ter need only be referred to, in order to see the 
process of investigation, and to verify the formal® 
here given. 



58 MOTION OF WATER tN PIPES. 

Q . . . the discharge per second, 

and the English foot being the unit, 

we have between these several quantities the fd« 

lowing relations ; 

0.0000173314 V + 0.0001061473 i/^ = i Dj, 

whence we deduce 

V = — 0.0816383 +^0.006664^ + 2355JJ158 Dj 

and 

0.000088268 D^Q + 0.0006881319 Q« = Ifij; 

from which may be deduced as approximate for- 
mulae, sufficiently exact for practice, 

V = 48.53^57 
and 

Q = 38.116VB5J 

according to M. de Prony. 
Also 

—0.130842+ Jo.017 1955 +29-26.0664 ^ 



V = 



1 + 68.865 p 



and, as approximations sufficiently exact for prac- 
tice, 



" ■= 4^-895 Jrr^ 
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« = 3^-614 Jn^f 



according to Eytelwein.* 

The above formulae suppose that the pipe is 
straight, of the same diameter throughout, and 
that the level of the basin whence it starts and of 
that in which it discharges are constant or sensi- 
bly so. 

Prony's coefficients were determined by fifty- 
one experiments made upon pipes whose di- 
ameter varied from one inch to nearly twenty, 
and whose length was from 10 feet to 7500. 

44. To facilitate the application of these formu- 
las the following tables have been calculated. 
The first is from the first formula of Prony. It 
gives the value of the velocity when J Dj is 
known, or the value of } Dj when the velocity 
is known. Knowing I Dj we can assume a 
value for either of the quantities D orj, and thus 



* Logarithm of o.oooonssu z= o.sssssse — 6. 


(( 


0.0001061473 0.03d9093 4. 


a 


3855.3158 = 8.3720307. 


it 


0.000088368 =: 0.9549037 5. 


<€ 


0.0006881819 — 0.8877805 4. 


tt 


48.53 1.6860154. 


(i 


88.116 = 1.5811055. 


i( 


47.895 — 1.6803588. 


it 


87.614 = 1.5758483. 
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determine the other. The second table is cal- 
culated from Prony's approximate formula for 
the discharge. It gives the discharge per second 
when rfij is known, and the value of D ovj when 
either of them and the discharge are known.* 



* It may be useful to know bow to apply the 
French tables published by M. de Prony, in which 
the metre is tlie unit. By the same reasoning as 
that we used in the note to Article 29, we shall see 
that, if our quantities are all given in English feet, 
we have only to call Prony's column of values of 

V, values of : and his column of values 

8.380699*2 

of I D jf values of 0.3049 \Dj or o.o76« D j. 
Thus Dj being given in feet, we multiply it by 
0.0762 and look for the product in Prony*8 col- 
umn of values of \ D j. The corresponding 
value of V, being multiplied by s.ssi, will give the 
velocity in feet. 
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TABLE 

for finding the yilocitt of water in pipes, calculated Jrom 
Front's exact formula 0.0000173314 v -f 0.000106147 v« = 
^ D j. In which v represents the mean velocity per second in 
English feetf D the diameter of the pipe, j the head of loatet 
ahaoe the discharging or\fice divided by the length of the pipe; 
all in English feet. 



Velo-| Value of 
city '^ Dj when 
= V. velocity =o. 



foot. 

0.05,0.0000011 

0.100.0(HXK>2fc 

0.15 0l)00(»050 

0.20'0.0000<»7 

0.25!o.OOOOllU 

0.30 0.0(K)OI4e 

0.35|().O0*)0191 

0.40'0.000(»239 

0.45,0.0000293 



Velu 
city 

\\ foot. 



Valaeof i 
^ Dj when, 
velocity^ v.; 



Velo- 
city 

= V. 



1.70 
1.75 
1.80 
1.85 
1.90 
1.95 
•2.00 
2.05 



0.0003176 

0.0003362; 

0.<KK»3554i 

0.0003751 

0.0003954 

0.0004161 

0.0004374 

0.0004593 

,0.0004816 



Value of 
^ Dj wheij 
•'elocity^v. 



0.50 0.0000352 2.10 0.0005045) 
0.55 0.00004ir.| 2.1510.00052791 



0.60,0.0000486 2.20 



0.65 0.O0iK)561 
0.7010.0000641 
0.750.0000727 
0.80'o.000081fe 
O.a'i 0.0000914 
0.90!o.(H)01016 



2 25 
2.30 
235 



0.0005519 
0.0005764 
0.0006014 
0.0006269 



2.40 0.0006530 



0.95 0.000112:3 

1.00 0.00012:^ 

1.05 o.OOOl 352 

1. 10 0.000147:; 

1.15(^.0001603 

1.200.0001736 

1.25 00001875 

1.30 0.0(K)2010 

1.35 0.0002168 

1 .40 0.0002323 

1.45 0002483 

1.50 0.00026481 

1.550.0002811) 

ll.6OJ0.0002995 



2.45 
2 50 
2.55 
2 60 
2.65 
2.70 



0.0006796 
0.0007067 
0.0007344 
0.0007627 
0.0007913 
0.0008206il4.3() 



Velo-, Value of 
city ,^ Dj when 
— v.;yelocity=«. 



2 75 0.0008504 
2.80 0.0008807 
2.850.0009116 
2.90 0.0009430 



2.95 
3.00 
3.05 
3.10 
3.15 
l3.2<» 



0.0009749 
00010073 
0.0010403 
0.0010738 
(».0011078 
0.0011424 



fool. 

3.2r, 0.00ll77r; 
3.3(. (».0012I31 
3.35 0.001249: 
3.4( 0.001286t 
3 45 0.00i323i 
3^ 0.001361( 
3.55 0.001399: 
o.6« 0.(K)14381 
3.65 0.O014774 
3.70 001517--C 
3.75 0015577 
3.80 001598* | 
3.85 0.0016401 
3.90 O.0016821 
3.95 0.001724( 
4.00 1 1.0017677 
4.05 0.00181 1:^ 
4.10 0.0018554 
4.l5 0.00190e( 
4.20 0.001945^ 
4.25 o.OOlJKJOt 
'».0020372 
002084< 
0.0021 31 al 
0.0021791 
O.0O22275 
(».0022764 
).0023^8 
0.0023756 
0.0024263 
0.0024773 



4.35 
4.40 
4.45 
4.50 
4.55 
4.60 
4.65 
4.70 
4.75 
4.80io.0025288 



foot. 

4.850.00^809 

4.90;0.0«26335 

4.950.0026867 

5.(K);0.0027403 

5.(»5;o.0027945 

5.10 0.0028492 

5.15 0.0029045 

5.20;0.0029603 

5 25 0.0030166 

5.30 0.0030735 

.3.350.0031309 

5.40.0.0031888 

').45i0.00324T2 

5.500.0033063 

5.55 0033658 

5.600.0034258 

5.65 0.0034864 

5.70 0.0035475 

5 75|o.0036091 

5.800.0(»36713 

5.850.0<»37340 

5.900.0037972 

.5.95100038609 

6.0010.0039253 

6.050.0039901 

6.10:0.004O555 

6.150.0041213 

6.20;o.0041877 

8.250.0042547 

6.3010.0043221 

6.350.0043901 

6.40!0.OO44587 
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TABLE >— continued. 



Velo- 
city 

=: V. 



foot. 
6.45 
6.50 
6.55 
6.60 
6.65 
6.70 
6.75 
6.80 
6.85 
6.90 
6.95 
7.00 
7.05 
7.10 
7.15 

7jao 

7.25 
7.30 



Value of 
4 Dj when 
velocity =v. 



0.0045277 
0.0045974 
0.0046676 
0.0047382 
0.0048094 
0.004881 1 
0.0049533 
0.0050261 
0.0O50994 
0.0051732 
0.005247(j 
0.0053225 
0.0O53980 
0.0O54739 
0.00555()4 
0.0056274 
0.0057050 
0.0057831 



Velo- 
city 



foot. 
7.35 
7.40 
7.45 
7.50 
7.55 
7.60 



Valoe of 
4 Dj when 
velocity =v. 



0.0058617 
0.0059408 
0.0060205 
0.0061008 
0.0061815 
. .^.,0.006262f 
7.65 0.0063446 
7.70 0.0064269 
7.75 0.0065098 
7.80 0.0065931 
,7.850.0066771 
7.906.0067G15 
7.95 0.0068465 
8.00 0.0069321 
8.05 0.0070181 
8.10 0.0071047 
8.150.0071918 
8.2010.0072794 



Velo- 
city 
= V. 



foot. 
8.25 

830 
8.35 

8.40 
8.45 
8.50 
8.55 
8.60 
8.65 
8.70 
8.75 
8.80 
8.85 
8.90 
8.95 
9.00 
9.05 
9.10 



Value <^ 
3 Dj when 
velocity =«. 



0.0073676 

0.0074563 

0.0075455 

0.0076353 

0.0077256 

0.0078165 

0.0079078 

0.0079997 

0.0080d21 

0.0081850 

0.0082785 

0.0083725 

0.0084671 

0.0085621 

0.0086577 

0.0087539 

0.00885O6 

0.0089478 



.Value of 
iDjyrhm 
velocity =e. 



> 0.0090455 

) 0.0091437 

» 0092425 

» 0.0093418 

» 0.0094417 

IO.OO95420 

» 0.0096429 

10.0097445 

0.0098464 

0.0099489 

0.0100519 

0.0101555 

<K0102596 

0.0103642 

0.0104693 

0.0105750 

0.0106812 

I O.01O7880 
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TABLE 

giving Ihe acAirTiTT' iiiicharqbd by wiTER-pini, enlcu- 
latedjhmthe foTmuia^= 3S.I16 vdTj, in uuUcA Q u Um 
ditcAargeper aetond in English cvbU fttl, D the i 
tkt ktad divided by the laigth ^ pipe. 



T 


Dij 


X 


^J 


"«" 


Dij 


Q 

5.45 


-csy- 


0.05o,000(Hil7;l|.«5 11.0023558 3.65 


0.0091701 


0,0204448 


l>-l",0 0O00O(i;ll'l.'joU0tia4Ald 3.70 


0.0094231 


5-5<< 


0.0-^6216 


0-150.000UI65l'l.y5 0,Oua>]73! a.75 


1,0096705 


555 


o.oai^i9 


0.20 0.0000275' 2.mil).OI)S7533 3J(> 


0099303 


5.60 


11.0215857 


0Jti'0.000ftl3iJ2.()5U.00aai(27 3.H5 


1.0102020 


5.65 


021 9728 


0-30,0 00OWil'j;,2,IUl).OU3O35B 


3,9U 


0.01041)93 


5.70 


0.0ii23634 


0.35'o 000084:t ;«.I5 O.U0318m 


3.95 


0,01117395 


5.75 


0.0227575 


-4U0^O011(ll,ia2u,0.00333I5 


4 00 


UOI 10131 


5.80 


0231550 


J-45,0.0001 3M ' )i.25 0.1 lU3484ii 


4.05 


0.0112901 


5.85 


0.(i23;.560 


-M,0.(l00I7iJli Ti,30,(>.00364ia 


4.10 


I.01I57U6 


5.90 


0.0230603 


0-i»0.t)0(S0Bai;rf.35 0.0038012 


4.15 


00113646 


5.95 


0.0S43682 


S£S 


O.QIX6ii76\ 2.4 II 0.1 I039G47 


4.2« 


0.0121419 


6.00 


0.0247704 


0.65 


0-000»MU|2.4> 0.0041310 


4.25 


0124327 


6.05 


0.O251942 


2-1^ 


0.0003372 1-J50;o.0043oa0il 4.30 


0.0127270 




0.0256123 


0.75 


0.0003H7aiJ 65'li.0044758|,4.a'i 


0130247 


6!l5 


0.0200339 


0.80 


0.0OO44.)5l2tiOi..0O46S3(li4 4O 


0.0133258 


6.2(1 


0.0264590 


0.65 


0.00ii4;t7.i 'a (i5 0.0O48337'!4.45 


11.0136304 


6.2S 


a.02r>e874 


0.90 


0.000557.1 


2.7U 0.00501 7e 


4.6. 


B.OI 39384 


S.30 


0.0273193 


0-95 


000621 a 


2.750.0(158064 


4.55 


0.0142499 


6.35 


0.0277547 


1.00]O.OflOfib«J 


2HOU.OO530G4 


4.60 


n.0145648 


e.4a 


0.02HI03S 


1.050.00075«U 


3.850,0055908 


4&-) 


0.0148S31 


6.45 


0.0286357 


.;o,o.oooa3a. 


21KI0.O0ft7S8e 


4.70 


0.0152040 


6.50 


0.0200814 


1.150.0009103 


2.95 0.0059M1 


4.75 


0.0155302 


6.55 


0.0295306 


i.M;o.ooo9ina 


3.(M 


0.0061949 


iM 


0.01585«j 


6.60 


0.0299831 


\M& 


0.0010755 


3.05 


0.0064031 


4.85 


0.0161910 


6.65 


0.0304391 


1.30 


0.00il6:i;i 


3,10 


).(I0G6147 


4.90 


0.01652% 


6.70 


),030896& 


1.35 


l>.0013&45 


.1.15 


0.0068898 


4.D5 


0.0166656 


6.76 


0.0313615 


1.40 


0.OOI34H1 


390 


l..00704%4 


5.0U 


00172080 


0.80 


0.0318278 


1.46 


D.001447) 


3.® 


0.0078703 


r>-05 


D.0175638 


6-85 


0.0329976 


1.50 


0.0015487 


3.30 


0.OO7495C 


5.10 


0179031 


6.90 


0.O3277O8 


156 


(i,00I65.'(7 


3-35 


0.ft.77ai6 


5.16 


(10182859 


0.!6 


0.0332475 


1.60 


O.0nl7(i21 


3.40|0 007067I1 


531 


OOlSGiai 


7.00 


0.0337276 


I.K 


0-0O1B73!! 


3.45lo.00>)1937 


-..25 


0.0189718 


7.0G 


0.0342111 


1.70 


0.0019t«ti 13 500.006431!) 


5.30 


9.0193348 


7.10 


0.0346981 


l.76iO,0Oaii>Sii;;3.65;0.O0e0745 
iad0 00aS3ni||3.G0!0.006U9D6 


5-35 


11.0107014 


715 


0.0351885 


?.40<0-OSOa7l4 


7.3(1 


0.0356884 
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TABLE — continued. 



Q 



7.25 
7.30 
7.35 
7.40 
7.45 
7.5() 
7.55 
7.6() 
7.65 
7.70 
7.75 
7.80 
7.85 
7.90 



/>«»j 



Vj 



0.O3G17971 

0. 03608051 

().0371846j 

0.03769231 

0.03820341 

0.03871791 

0.0392358 

0.0397572 

0.04O2820 

0.04081 04 

0413421 

0.0418772 

0.0424159 

0.042J)579 



7.95 
8.000 
8.05 
8.10 
8 15 
8 20 
8.250 
8.300 
8.35|0 
8.40,0 
845'0 
8.50,0 
8.55,0 
8.60 



.0435034 
.0440523 
.0446047 
.04516* »5 
0457198 
0462825 
04684861 
.0474182 
.0479912 
.0485677 
.04914761 
.0497310| 
.0503178 
.0509080 



Q 



8.65 
870 
8.75 
8.80 
8.85 
8.90 
8.95 
9.00 
9.05 
9.10 
9.15 
9.20 
9.25 
9 30 



D^j 



0.0515017 
O.O520988 
0526993 
0.05:^33 
0.0539108 
0.0545217 
o.055i:)60 
0.(t557538 
0.0563750 
0.0569996 
0.0576277 
0.0582592 
0.0588942 
0.0595326 



Q 



9.35 
9.4n 
9 45 
9.50 
9 55 
9.60 
9.65 
9.70 
9.75 
9.8(1 
9.«5 
9.90 
9.95 
10.00 



^j 



0601745 
0.06O8196 
0614685 
O.<»621207 
0.0627763 
0.0634354 
0.O640979 
0.0647638 
0.0654332 
O.O661060 
0.0667823 
O.0674620 
0.1 1681452 
0.0688318 



45. We shall now proceed to consider the 
effect of various obstructions to the free passage 
of water in pipes, in order to estimate their influ- 
ence upon the discharge. The effect of these 
obstructions may, in general, be measured by a 
certain head requisite to overcome them. When 
therefore they occur, we must, before applying 
the formulae found in the preceding pages, deduct 
from the real head a certain height corresponding 
to the number and character of these obstruc- 
tions, and sufficient to counteract their effects. 

46. Whenever there occurs in a pipe any 
sudden contraction, the water in passing through 
the contracted section must necessarilv move 
with a greater velocity. For, the discharge being 
constant, the same quantity must pass each sec- 
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tion in the same time ; consequently, when the 
section is less, the velocity must be greater. This 
excess of velocity must be produced by the head 
of water, which causes the general motion, and 
will consequently absorb a part of the moving 
force. 

To determine the expression of this resistance, 
let Vf f/ represent the velocities in the two'parts 
where the diameters , are different, and A, h' the 
heights due to those velocities, or the heights 
through which a heavy body must fall to acquire 
them ; we have 

(see Articles 57 and 60.) The difference 

will be the measure of the head consumed in pro- 
ducing this excess of velocity. Callbg D, D' 
the diameters of the two parts respectively, and 
remembering that the dischai^e Q is constant, 
we have 



4Q ^ 4Q 



whence 






n z=. 3.1415926. 

5 
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Moreover, whenever the water which is flow- 
ing in a pipe is forced to pass through an aper- 
ture smaller than the diameter, there occurs a 
contraction in the fluid vein (see Art. 58), which 
diminishes the section still more, and consequent- 
ly augments the. effect of the obstruction. This 
last circumstance is taken into account by multi- 
plying the section of the contracted portion of 
the pipe by a coefficient m, whose value is de- 
duced from experiment in various cases. 

4 Q 

Thus we shall have v' = ^^i and for that 

n tn JJ"* 

portion of the head wasted in overcoming the ob- 
struction 

_ 16 Qg 



h'—h = 



16 Qa /_1 1_\ 



If the contraction be caused by a diaphragm 
having an opening of the diameter D', we have 
m = 0.62 ; if by a piece of pipe smaller than 
the rest, m =z 0.82 ; if between the two pipes 
of different diameters there is a conical porticHi, 
having nearly the shape of the contracted vein, 
m = 0.90, All unnecessary enlargements should 
also be avoided ; for wherever they occur there 
must be a retardation of the velocity, since the 
same quantity must pass through every section in 
the unit of time, and therefore a portion of the 
head must be consumed in restoring to the cur- 
rent its former velocity, after it has passed the 
enlarged part. 
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47. All changes of direction are a great ob- 
struction to the free passage of water in pipes, 
and the more sudden they are, the more disad- 
vantageous their effect. The resistance occa- 
sioned by this cause may likewise be measured 
by a certain head of water employed to over- 
come it. From a number of experiments made 
with a view to this purpose, Dubuat ascertained 

that it might 
be represented 
by the expres- 




sion 



m ' 

in which t; rep- 
resents the mean velocity, s the sine of the angle 
of incidence or of reflexion MNO^ n the num- 
ber of reflexions, and m a constant quantity. 

To find the value of the angle of reflexion, we 
may observe that the versed sine of this angle is 
equal to the half diameter of the pipe, divided 
by the exterior radius of curvature CR of the 
bend. Therefore D being the diameter, and r 
the radius of curvature, 

cosine of angle of reflexion = 1 — ^. 

To find the number of reflexions in any curve, 
a being the angle at centre and a the angle of 
reflexion, 

2 a 
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If n is not a whole number, the last reflexion 
will throw the water in an irregular manner 
against the sides, and not according to the axis 
of the pipe. 

The constant m, Dubuat determined to be 
2998.50, when the French inch is the unit. 
Taking for our unit the English foot, we shall have 
m = 266.3117, and the formula becomes 

Mm °'- «-««3^^5 '^ '^ "• 

This quantity represents in English feet the head 
requisite to overcome the resistance of the bend.* 
48. There are other causes also which oppose 
the motion of water in pipes. The air, which 
fills them before the water is admitted, or that 
which enters with it at the orifice, rises and oc- 
cupies the most elevated parts of the pipe. Be- 
ing there condensed, it acquires suflicient force to 
impede greatly, or even entirely prevent the pas-' 
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* -— expresses the height in French inches, 

2998.6 '^ ° ' 

the quantity v being given in inches. 



— is the height in English feet, 

3998.6 X 11.95936 ° ° . 

the quantity v being given in inches, for 1 English 
foot = u. 26936 French inches. 

n V« «* (11A5936)' . , . , ^ . - , 

V '—. expresses the height in feet, 

2998.6 X 11.26936 '^ & » 

the quantity v being given in English feet. 
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sage of the water, and the pipe might burst be- 
fore it could be forced out by a pressure at the 
extremity. We shall see in another chapter the 
means employed to obviate this difficulty ^A v> 
give an issue to the confined air. 

If the water be impregnated with lime or ^^y 
other salt, or if it be not entirely free from n^u^ 
dy particles held in solution, saline incrustatioas 
or deposits of muddy matter may take place in 
the pipes, and materially diminish the discharge. 
Small seeds may occasionally find their way there,^ 
and taking root, may end by entirely stopping 
the passage. 

Unless the effect of these various obstructions 
be either prevented or taken into account in de« 
termining the diameter of the pipes, we must ex- 
pect to find a discharge inferior to that given by 
the formulse. 

49. Before leaving the subject of the theory of 
the motion in pipes, it seenis proper to say a few 
words concerning some very interesting experi- 
ments made by M. Girard, on the motion of 
water in very small tubes, or in the case of what he 
calls linear motion ; being that in which the fluid 
may be considered as a small cylinder, moving in 
the direction of its length. It results from these, 
that when the tube is of a certain length, which 
must be greater as the head and the diameter in- 
crease, the term of the formula contaming the 
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second power of the velocity disappears^ and the 

formula becomes of v =, -j^, a' being a constant 

coefficient to be determined by^ experiment ; and 
that, when the motion has become linear, the va- 
riations in temperature exert so great an influence 
on the discharge, that in the interval from to 
86 degrees of the centigrade thermometer, the 
discharge varies in the ratio of 1 to 4, being great- 
est at the highest temperature. But as no au- 
thentic experiment has ever shown that, with the 
same head, the same conduit-pipe can furnish a 
greater quantity of water in summer than in 
winter, it follows that the influence of tempera- 
ture on the velocity is insensible, when the mo- 
tion takes place in conduit-pipes of considerable 
length, whose diameters are without the limits of 
capillarity. For a full account of these experi- 
ments, see Memoires de rinstitut, 1813 - 1816. 
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CHAPTER III. 

QENERAL REMARKS ON THE MEANS OF SUPPLYING 

CITIES WITH WATER. 

50. When a large city is to be supplied with 
water, the first step to be taken is, to make a 
general survey of the neighbouring country, in 
order to ascertain whence a sufficient quantity can 
be obtained. It is of the utmost importance that 
the source should be so abundant as to furnish 
the requisite quantity even in seasons of drought ; 
for the evils of a temporary interruption, after 
the inhabitants have been led to depend upon a 
regular supply, are so great that they must at 
any expense be avoided. According to the lo- 
calities, recourse may be had to a stream, if there 
be any in the neighbourhood, or to ponds of limpid 
water, which may be increased in abundance by 
turning the neighbouring brooks into them ; or ar- 
tificial ponds may be formed by damming the out- 
let of a valley, and collecting in it the supplies 
from the various small streams which convey the 
waters which fall upon the higher grounds. 

51. The quantity of rain, upon which of course 
depends the greater or less abundance of the 
streams, may be an element of some importance 
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to determine. It varies much in different locali- 
ties. 

For the following data we are chiefly indebted 
to the Memoirs of the American Academy, and 
.|o SUliman^s Journal. The depth of rain finr 
each year is in inches and hundredths, and in- 
cludes also the water which fell in the shape of 
bail or snow. 

Boston, Mass. Mean 36.45. 

Tears. 1818 1819 1820 1821 1822 1823 
Rain. 41.59 34.62 42.68 36.82 27.16 42.30 

Years. 1824 1825. 
Rain. 35.10 31.30. 

CuARLESTOwN, Mass. Mean 36.29. 

Years. 1792 1793 1794 1795 1796 1797 
Rain. 30.49 32.34 31.11 45.64 25.77 41.18 

Years. 1798 1799 1800 1801 1802 
Rain. 38.31 33.49 45.43 40.60 34.80. 

Stow, Mass. Mean 38.28. 

Years. 1792 1793 1794 1795 1796 1797 
Rain. 33.91 33.59 34.98 48.38 34.47 37.53 

Years. 1798 1799 1800 1801 1802 1803 
Rain. 36.50 37.28 40.90 38.86 41.94 38.22 

Years. 1804 
Rain. 41.05. 

WiLLiAMSTOWN, Mass. Mean 32.93. 

Years. 1816 1817 1818 1819 
Rain. 25.98 38.36 35.21 32.16. 
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Newfane, Vt. Mean 56.86. 

Years. 1826 1828 1829 1830 1831 
Rain. 58.20 73.30 36.10 58.50 58.60. 

Marietta, Ohio. Mean 43.85. 

Years. 1818 1819 1820 1821 1822 1828 
Raio. 51.00 36.33 40.00 43.00 43.50 49.50 

Years. 1829 1830 1831 1832 1833 
Rain. 39.52 37.26 53.54 48.33 40.37. 

West Chester, Penn. Mean 47.25. 

Years. 1818 1821 1822 1823 1824 1825 
Rain. 48.83 52.60 39.30 51.40 54.10 42.30 

Years. 1826 1827 
Rain. 40.05 49.45. 

Charleston, S. C. Mean 48.20. 

Mean quantity of rain for 10 years between 
1750 and 1786, 42.03 inches. 

Ys. 1795 1796 1797 1798 1799 1800 1801 
R. 71.80 58.10 55.00 45.20 75.40 51.60 42.90. 

Natchez, Miss. Mean 46.99. 

Years. 1801 1802 1803 
Rain. 45.50 57.92 37.56. 

Grove Plantation near Natchez, Miss. 

Mean 47.09. 

Years. 1806 1807 1808 
Rain. 41.90 36.89 62.48. 
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The topography of the country will show to a 
certam extent what supplies the ponds will be 
likely to derive from rain. 

In order to ascertain the quantity which may 
be drawn from a river^ recourse must be had to 
various methods of gauging its discharge per sec- 
ond, which will be shown in the following chap- 
ter. 

52. The quantity of water pecessary for a cer- 
tain population does not admit of being deter- 
mined with mathematical precision ; since inde- 
pendently of what is required for domestic use, 
an additional quantity may be wanted in various 
mechanic arts. In France, one pouce or 677.91 
cubic feet per day has generally been considered a 
supply for 1,000 persons ; giving about two thirds 
of a foot to a person per day. In Paris, the quan- 
tity now used per day consists of 2,711,652 cu- 
bic feet furnished by the Canal de FOurcq for 
the public fountains, and for cleansing the streets, 
and about 200 pouces or 135,583 cubic feet of 
Seine water, used for cooking and drinking.* 
The great price of the latter water chiefly re- 
stricts its use to these purposes ; and in most 

* M. Genieys computes that this daily supply of 
136,583 cubic feet costs the consumers 4,366,760 
francs a year ; being ii,7i4 francs or $ 3,300 per 
day. 
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bouses there are wells^ though the water obtained 
fixMn them is DOt good. At Greenock b Scot- 
land the supply was estimated at 2 cubic feet 
per day for each person."* 

In a Report made by Messrs. P. M. Roget, 
William Thomas Brande, and Thomas Telford in 
1828, on the supply of water to the city of Lion- 
don and its suburbs, we find that 

" The New River Company supply daily 
about 2,000,000 cubic feet to between 66,000 
and 67,000 tenants. 

" East London Water Works supply daily 
950,000 cubic feet to 42,000 tenants. 

" West Middlesex Water Works supply daily 
360,000 cubic feet to 15,000 tenants. 

" Chelsea Water Works supply 282,000 cubic 
feet to 12,400 tenants. 

"Grand Junction Company supply 450,000 
cubic feet daily to 7,700 tenants. 

" Taking the average of the whole supply, the 
daily consumption of each house is 23.14 cubic 
feet or about 180 gallons. 

" The abundance is such as not only to supply 
all necessary demands upon ordinaiy and extra- 
ordinary occasions, but a proportion is constantly 

* An imperial gallon contains 377.374 cubic 
inches, and therefore a cubic foot is equal to 
ctt9 gallons. 
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suffered to run to waste, by which the cleansisig 
of the drains of houses, and of the commoiii sew-> 
ers is effectually accomplished, all accumulations 
of filth obviated, and the general healthiness of 
the metropolis promoted. 

" The Lambeth Water Works supply 200,000 
cubic feet daily to 16,000 tenants. 

"The Vauxhall Water Works supply 160,000 
cubic feet daily to 10,000 tenants. 

" The South wark Water Works supply 1 15,000 
cubic feet to 7,000 tenants. 

" The average of the daily supply to each bouse 
is 14.40 cubic feet or about 90 gallons^ 

" The quantity is sufficient except in some cases 
of fire, when the inconvenience appears to have 
arisen from the want of proper reservoii's for pre- 
serving a head of water upon the mains when the 
engines are not working. Much time may be 
lost in getting up the steam. The total amount 
of the quantity of water required for the daily 
supply of the inhabitants of the metropolis, and 
for the use of the manufactories requiring it, ap- 
pears to be about 4,650,000 cubic feet " or 4 
cubic feet to a person. (Journal of Science, Vol. 
XXV. Year 1828.) 

53. It is also indispensable to ascertain ac- 
curately the quality of the water. Water may 
be either hard or soft. The hardness generally 
proceeds from saline matters or from the presence 



SHPFLTIHO CITIES WITH WATXB. T7 

of gas. Dr. Saunders observes * jbat it depends 
chiefly upon the sulphate and carbonate of lime 
held in solution ; and that when these earthy 
salts exist in the proportion of five grains to a 
pint, such water will be bard. The dissolving 
power of hard water is less than that of soft ; 
soap does not completely dissolve in it, but ap- 
pears in a sort of curdled or coagulated state ; 
hence it is less fit for washing, bleachmg, dyeing, 
&c. It is also less powerful in softening the tex- 
ture of vegetable leaves. Soft water has, no sa- 
line or other taste, is inodorous, and dissolves 
soap completely. It is much to be preferred for 
softening the texture of animal or vegetable mat- 
ters and for all culinary purposes, as well as for 
washing. M. Thenard says that water may be 
considered as good for domestic uses, when it is 
but slightly afifected by nitrate of barytes, nitrate 
of silver, or oxalate of ammonia ; and when, up- 
on being evaporated, it leaves but a very small 
residuum. 

54. These two important preliminaries as to 
quality and quarUity being satisfactorily settled, 
the localities will show which should be pre- 
ferred, of the various methods which present 
themselves for distributing the supply. Whether 
the water be brought from a distant and elevated 

* Rees's Cyclopaedia. 
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source, or immediately raised by machinery, the 
most common method is, to collect it in one or 
more large reservoirs situated upon elevated spots, 
and thence to distribute it through the streets 
and into the premises of individuals by means of 
pipes, through which it flows in virtue of its hy- 
drostatic pressure. In some instances, however, 
it has been forced directly into the mains which 
carry it through the various quarters of the city. 
This last method dispenses with the cost of the 
construction of reservoirs, and may, in some 
cases, be the most economical in the first in- 
stance, but it is less regular in its operation than 
the other. A reservoir maintains a constant head 
upon the pipes, and a large body of water in re- 
serve in case of emergency. Should an exten- 
sive fire occur, the pipes from a reservoir are at 
any instant in a state to do service, while it would 
often take some time to get the steam up, or to 
set other machinery in motion. Experience has 
proved the truth of these remarks at the London 
Water Works. Another great advantage of res- 
ervoirs is, that the water has time to settle and 
deposit the impurities which it may bold in sus- 
pension. 

55. When water is to be brought from a dis- 
tance, we may make use of pipes, aqueducts of 
masonry, or canals opened in the natural ground. 
If the distance be very considerable, there would 
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seem to be an advantage in aqueducts and canals ; 
for tbe resistance which is developed in pipes of 
great length, diminishes the discharge in a very 
great degree ; especially as in following the natu- 
ral undulations of the ground, which must be 
done unless much money is laid out in trenching 
and embanking, there will be an increase of 
length and a diminution of discharge, which, our 
formulae have shown us, attend upon every de- 
viation from a straight line. On the other hand, 
pipes have the advantage of being out of the 
reach of the extremes of temperature, and, where 
the distance is not very considerable, will gener- 
ally be the cheapest. 

56. A canal in the natural ground, like an 
aqueduct, has the advantage of bringing a very 
much larger supply with but little fall. But it 
will generally require some time to saturate the 
bed so that there shall be no leakage ; and it is 
difficult to preserve the water in as pure a state, 
and to protect it from animals and trespassers. It 
may pass through saline or calcareous earths, and 
thus, though naturally good, may contract a disa- 
greeable taste or odor. In most countries it b 
liable to be frozen in winter. Evaporation, too, 
is a great source of loss, which it is impossible to 
avoid. Numerous experiments are needed to 
enable us to determine the quantity which passes 
off in this manner from large sheets of water. 
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Most of those hitherto made have been on very 
small quantities, and it is easily conceived that 
these cannot give a correct idea of the effects up- 
on surfaces of considerable extent. Smeaton says 
(Reports, Vol. II.) that when deep standing wa- 
ters lose by exhalation to the amount of ten 
inches perpendicular, it must be in a long drought 
of three or four months' continuance. Messrs. 
Sedileau and Cotte found, that at Paris the mean 
annual evaporation amounts to 34 inches, the 
mean annual quantity of rain being 21 inches. 
Messrs. Clausade and Pin found that the waters 
of the Languedoc Canal and the basin of St. Fe- 
reol, lose yearly from 30 to 32 inches by evap- 
oration, the annual quantity of rain being about 
31 inches. 

From a careful consideration of all the circum- 
stances we have enumerated, according as their 
influence is counteracted or increased by local 
causes, the engineer must determine upon the 
most secure and economical mode of supply. 
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CHAPTER IV. 

MEANS OF MEASURING THE FLOW OF WATER. 

57. It is a well known principle of hydraulics, 
first given by Torricelli, that the velocity of ef- 
flux from an aperture made in the side or bottom 
of a vessel, is equal to the velocity which a 
heavy body would acquire, in falling fi-om the 
surface of the liquid to the level of the aperture. 
Thus h being the distance from the surface to 
the aperture, we shall have v = y'S^fc, and h 
is called the height due to the velocity v. 

Calling ta the section of the aperture, and Q 
the quantity which flows out in the time t, we 
have, for the quantity which flows out in the time 
dij tovdt. Hence 

d ^=^ (ovdt'y d ^=1 a \/2gh . dt. 

If the level of the water in the vessel be con- 
stant, h does not vary, and we shall have, by inte- 
gration. 

If the level of the water be variable, we must 
first determine the value of A as a function of t. 
Substituting it in the equation 

dQ^zsz n J^2gk . dty 
6 
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we shall find by integration the value of Q as a 
function of the time. 

58. It was first remarked by Newton, that the 
real discharge always falls short of that given by 
theory. This results from a phenomenon which 
always accompanies this kind of efflux. The 
stream, upon first leaving the side of the vessel, 
has exactly the same dimensions as the aperture 
through which it has passed ; but at a short dis- 
tance it diminishes very sensibly, the vein taking 
a conical or pyramidal form. This phenome- 
non is called the contraction of the fluid vein ; 
and its efiect is the same as a diminution in the 
size of the aperture. 

This circumstance is generally taken into ac- 
count, by introducing into the formula a certain 
coefficient m, representing the ratio of the real to 
the theoretical discharge, and always less than 
unity. Thus the formula would be 

Q representing the discharge in the unit of time. 

59. A great many experiments have been 
made by diflferent observers, to determine the 
value of m. The following are the principal re- 
sults. 

When the aperture is made in a thin ptate^ 
and the head is considerable, compared with its 
height, we have generally m = 0.620. 
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Observation bas shown, tbat, wben h diminisbeSy 
tbe value of m increases. Miobelotti's experi- 
ments give for it tbe value 0.649 ; Venturi calls 
it 0.640; Bossut 0.660 and 0.667; Eytelwein 
0.640 ; Borda 0.646. Navier says, tbat, when A is 
more than 200 times the diameter of the orifice, 
we have m = 0.615. If h diminishes so as to be 
successively equal to 10, 6, 4, 1 times this diam- 
eter, m will take the successive values 0.620, 
0.625, 0.630, 0.642. 

If a short cylindrical tube be adapted to the 
aperture, having a length equal to about two and 
a half times its diameter, the value of m will be- 
come 0.82. 

With a conical tube, having as nearly as possi- 
ble the form of the contracted vein, the value of 
m may become 0.90. 

The annexed figure shows the proportions of 
tbe additional tube which, according to Venturi's 

a 



experiments, gives the greatest discharge; in 
which -^IB = 18 lines ; ^C = 11 ; CD = 15.5 ; 
Ce= 148; EF= 27 lines. 

60. The following table gives the heights dtie 
to various velocities, or the heights through 
which heavy bodies must fall to acquire various 
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TABLE — continued. 



V 


h 


V 


h 


V 


h 


V 


h 


7.65 


0.90925 


826 


1.05747 


8.85 


1.21688 


9.45 


1.38747 


7.70 


0.92118 


8.30 


1.07033 


8.90 


1.23067 


9.50 


1.40209 


7.75 


0.93318 


8.35 


1.08326 


8.95 


1.24453 


9.55 


1.41699 


7.80 


0.94526 


8.40 


1.09627 


9.00 


1.25848 


9.60 


1.43187 


7.85 


0.95741 


8.45 


1.10936 


9.05 


1.27250 


9.65 


1.44682 


7.90 


0.96965 


8.50 


1.12253 


9.10 


1.28660 


9.70 


1.46185 


7.95 


0.98196 


8.55 


1.13578 


915 


1.30078 


9.75 


1.47696 


8.00 


0.99435 


8.60 


1 .14910 


9.20 


1.31503 


9.80 


1.49215 


8.05 


1.00682 


8.65 


1.16250 


9.25 


1.32936 


9.85 


1.50742 


8.10 


1.01937 


8.70 


1 .17598 


9.30 


1.34377 


9.90 


152^6 


8.15 


1.03199 


8.75 


1.18953 


9.35 


1.35826 


9.95 


1.53818 


8.20 


1.04469 


8.80 


1.20317 


9.40 


1.37283 


10.00 1.55367 



61. If it be required to measure the quantity 
of water furnished by a small stream, the whole 
quantity may be made to flow into a reservoir of 
known dimensions, and, the time of its filling 
being carefully noted, we can hence infer the 
discharge per second. 

62. If the stream is of such size as to render 
this direct measurement impracticable, recourse 
may be had to another method. 

A dam is built across the stream, and the 
whole of the water is made to pass through an 
orifice either vertical or horizontal, above which is 
maintained a constant head. The discharge may 
then be calculated by the following formulae, giv- 
en by Prony in a paper on this subject.* 

* Memoire sur le Jaugeage des Eaux Cou- 
rantes, par M. de Prony. 
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When the orifice is horizontal, calling the En- 
glish foot the linear unit, and making 
Q := the discharge per second, 

A = the height of the water above the horizon- 
tal orifice, 

a = the area of the upper surface of ithe water, 

to = the area of the aperture, 
g ±= 32.1817, 

m = the coefficient of contraction, 
we shall have 






The area a being that of the surface of the 
stream which is stagnant above the dam, and the 
area of the aperture being exceedingly small in 



a9 



comparison with it, the fraction ^ ^ will [dif- 
fer very little from unity ; neglecting this error, 
we may say then that the discharge is 

63. The formula to find the discharge through 
a rectangular vertical orifice is, calling 
u = the area of the orifice, 
a = the height of the orifice, ^ _ i 



> w = a 



6 = its base, 

A z= the height of the water T ^A + A^ 
above the top of the orifice, I 2~" 

Jc = the height above the centre, [ Jlr = A + ^ a 
Aj = the height above the bottom, J A: = Ax — i a 
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g = 32.1817, 

m = the coefficient of contraction, 

Q = the discharge per second, 

This equation may be put under the form 
which becomes 



or 






It! 



nf.yf. 



^ The discharge or quantity 
which passes through any ele- 
ment of the aperture a b will be 

m dydhy/2gh* 

The quantity which will pass 
through the whole orifice, or 
the sum of the elements, will be 
the integral of this, taken with- 
in the limits and 6, h and h^ \ 
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and if we make 

»;la+o)*-a-A)1 = '^. 

we shall have for the discharge per second 

The value of A for various values of ^ may 

be taken from the following table given by Pro- 
ny, and shows the error to which we are liable^ 
when we call the head the distance from the 
centre of the orifice to the surface.* 

* The following is the mode of calculating the 
value of the factor A in the formula 

Q=zmoiA y/2gk. 

We begin by developing the binomial of the for- 
mula 

^ 3 3 ^ 

i(i-i)a-g) / « V , i(i-i)(f-2)(f-3) 

W^ \2 V ''" 2 • 3 • 4 

/_« \ V ^a-l)(l-2)(f-3)(|-4) /a \» 
\^k) "^ a • 3 • 4 • 5 \2*/ 

^(|-l)(|-2)(|-3)(|-4)(|-5) / a \« 
2 • 3 • 4 • 6 • 6 \%kl 

"T™ • • • OtC* 
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a 
2k 




ji 


Logof wfi 


1 





0.1 


0.99958 


0.9996176 — 1 


0.2 


0.99632 


0.9992654 — 1 


0.3 


0.99619 


0.9983422 — 1 


0.4 


0.99312 


0.9969974 — 1 


0.5 


0.96904 


0.9952139 — 1 


0.6 


0.98383 


0.9929201 — 1 


0.7 


0.97724 


9900012-1 


0.8 


0.96896 


0.9863058 — 1 


0.9 


0.95828; 


0.9814924—1 


I 


0.94281 


0.9744242—1 



64. In order to make sure that these formuls 
will give the true result, the following precau- 
tions should be taken. 
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(1.) We must have above the orifice a suffi- 
^ 2-3-4- 5-6-7-8-9 

^^^2k} ^^ 2k/ ""2 A: 4'2'9 2k\2i) 

15 3a/_a X* 945 
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cient head to prevent the convergence of the fluid 
lines towards the point of discharge, and to pre- 
vent the variations in the velocity of the different 
parts from being sensible beyond a slight dis- 
tance from the orifice. 

(2.) We must have a body of water sensibly 
calm or stagnant above the dam. 

(3.) The water must be allowed to flow oflF 
with perfect freedom below the dam, so that its 
pressure may not obstruct the velocity of efflux 
or interfere with the contraction. 

If we now substitute in this formula various val- 
ues for qT) we shall have the corresponding values 

of A. 

d 
Suppose ol. =^ ^- ^® hHYB -4 = 1. 

Suppose gT. = 0.1. The first two terms will 

give us -4 = 0.99958, and the succeeding terms 
will not affect these five decimals. 
In like manner 

~ = 0.2 gives A = 0.99832 from 3 terms, 

^ = 0.3 gives A = 0.99619 from 3 terms, 

" ^ = 0.4 gives A = 0.99312 from 4 term's, 
and so on. 
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(4.) The opening must be so regulated that 
the level of the water above it may remain con- 
stantly the same, in order that the discharge by 
the oriBce may be exactly the measure of the 
quantity furnished by the stream. 

(5.) A value must be given to m, cqrrespond- 
ing to the circumstances of the case. 

65. On account of the difficulty of complying 
with all these conditions, M. de Prony has given 
another method for finding directly the real dis- 
charge, without the necessity of guarding against 
so many chances of error. 

Choose a part of the bed of the stream five or 
six hundred feet in length, at a place where a 
number of transverse sections may be easily 
measured. Erect at the lower end of this space 
a dam, with an opening through which the water 
may flow. At the upper end erect a sluice, in 
such a manner that it may be closed instantane- 
ously, and thus cut off all communication with 
the upper water. The sluice-gate being raised 
to a certain height, wait till the water above it 
has risen to a constant level. This may be as- 
certained by means of a bent tube containing a 
float and communicating at one end with the 
stream. When the float remains perfectly sta- 
tionary the surface of the water has become con- 
stant. As soon as this is done, close the sluice 
suddenly, so that the water below it may run off 
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through the opening in the lower dam. Note 
then at a number of . successive instants how 
much the water has fallen in the basin. We 
suppose that a sufficient number of cross sections 
have been taken, so that we can Gnd what quan- 
tity has flowed out at these successive instants. 
The discharge of the stream per second may now 
be calculated in the following manner. 
Suppose 

0, ty 2ty Sty4t, .... 71^ 

the time counted in seconds, beginning at the mo- 
ment of shutting the sluice-gate ; 

^>9iy 9u> ?,„> ?.v> 9n 

the volume of water which had passed out at the 
corresponding instants. 

The volume Q, which the stream supplies per 
second, will be found by one of the following 
equations. 

If only one observation be made, 

If two observations. 
If three observations. 
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If n observations 

'^■"A"^* 1-2 2 ' 1-2-3 "3 =*=n)- 

The quantities y, , y^,, y„^, .... j^ are respec- 
tively multiplied by the coefficients of the bino- 
mial formula, and then divided by the series of 
natural numbers 1, 2, 3 . • . 7i. The method 
consists thus in finding from a series of observa- 
tions, by means of a formula of interpolation, the 
law according to which the water flows ; and 
thence determining the value of the discharge at 
the first instant after the sluice is closed, and the 
time begins to be counted. 

66. When we have to measure the quantity of 
water flowing in large rivers, where none of the 
preceding methods can be applied, we must 
measure a section of the river, and determine the 
mean velocity of the stream as, it passes this sec- 
tion. The product of these two quantities will 
give the discharge. 

67. The most common method of finding this 
mean velocity is, to measure the velocity at the 
surface in the middle of the stream, and to de- 
duce firom that observation the value of the mean. 
Dubuat made a number of experiments to de- 
termine the relation between these two veloci- 
ties, and succeeded in representing, with con- 
siderable exactness, the result of his experiments 
by the formula 

i = (v^F — 0.6)* + 0.25, 
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in which v is the mean velocity, V that at the 
surface, and the French inch the unit. 

M . de Prony also attended to this subject and 
gave the formula 

_ V{V+ 2.37187) 
*"■ F+ 3.15312 ' 

the metre being the unit. 

This formula is more exact than that of Du- 
buat, and seems more rational also. The first, 
for instance, gives a mean velocity of 0.25, when 
the velocity at the surface F'is nothing. 

Changing the constant quantities in M. de 
Prony's formula, so as to make it answer for Eng- 
lish measures, we shall have * 

_ F(F+ 7.78188) 
^ — r+ 10.34508 ' 

when the English foot is the unit. 

68. From this fonnula the following table has 
been calculated. 

♦ Suppose V given in English feet ; we might 
reduce it to metres by multiplying it by 0.30479 and 
enter it in the above formula, which thus becomes 

0.30479 r(0.30479 r+ 2.37187) 
0.30479 V + 3.15312 

This value of v is now in metres. In order to re- 
duce it to feet, we divide it by 0.30479, and we have 

_ F(0.30479 r+ 2.37187) _ V{F+ 7.78188) 
**"■ 0.30479 r+ 3.15312 "" r+ 10.34508 

for the English formula, v and V being both in feet. 
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TABLE. 



Velocity. 
Sur&ee. Mean. 



foet. 

0.05 

0.10 

0.15 

0.20 

0.25 

0.30 

035 

0.40 

0.45 

0.50 

0.55 

0.60 

0.65 

0.70 

0.75 

0.80 

085 

0.90 

0.95 

1.00 

1.05 

1.10 

1.15 

1.20 

1.25 

1.30 

l.'S5 

1.40 

1.45 

1.50 

1.55 

1.60 

1.65 

1.70 

1.75 

1.80 

1.85 

1.90 

1.95 

2.00 

2.05 

2.10 



feet. 

0.038 

0.075 

0.113 

0.151 

0.190 

0.228 

0.266 

0.305 

0.343 

0.382 

0421 

0.459 

0.498 

0.538 

0.577 

0.616 

0.655 

0.695 

0.734 

0.774 

0.814 

0.854 

0.894 

0.934 

0.974 

1.014 

1.054 

1.094 

1.135 

1.175 

1.216 

1.257 

1.297 

1.338 

1.379 

1.420 

1.461 

1.502 

1.543 

1.585 

1.626 

1.667 



Differ- 
enoef. 



37 

38 

38 

39 

38 

38 

39 

38 

39 

39 

38 

39 

40 

39 

39 

39 

40 

39 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

40 

41 

40 

41 

41 

41 

41 

41 

41 

42- 

41 

41 

42 



Velocity, 
durfiuse. Btean. 



feet. 

215 

2.20 

2 25 

2.30 

2.35 

2.40 

2.45 

2.50 

2.55 

2.60 

2.65 

2.70 

2.75 

2 80 

2.85 

2.90 

2.95 

3.00 

3.05 

310 

3.15 

3.20 

325 

3.30 

3.35 

3.40 

3.45 

3.50 

3.55 

3.60 

3.65 

3.70 

3.75 

3.80 

3.85 

3.90 

3.95 

4.00 

4.05 

4.10 

4.15 

4.20 



feet. 
1.709 
1.750 
1.792 
1.834 
1.876 
1.917 
1.959 
2.001 
2.043 
2.085 
2.127 
2.169 
2.112 
2.254 
2.296 
2.339 
2.381 
2.424 
2.466 
2.509 
2.552 
2.594 
I 2.637 
2.680 
2.723 
2.766 
2.809 
2.852 
2.895 
2.938 
2.982 
3025 
3.068 
3.111 
3.155 
3.198 
3.242 
3.285 
3.329 
3.372 
3.416 
3.460 



DiSer 
eneeic 



41 

42 

42 

42 

41 

42 

42 

42 

42 

42 

42 

43 

42 

42 

43 

42 

43 

42 

43 

43 

42 

43 

43 

43 

43 

43 

43 

43 

43 

44 

43 

43 

43 

44 

43 

44 

43 

44 

43 

44 

44 

44 



VelocitT. 
Sar&ce. Mean.* 



feet. 
4.25 
4.30 
4.35 
4.40 
4.45 
4.50 
4.55 
4.60 
4.65 
4.70 
4.75 

4 80 
4.a5 
4.90 
4.95 
5.00 
5.05 
5.10 
5.15 
5.20 
5.25 
5.30 
5.35 
5.40 
5.45 
5.50 
5.55 

5 60 
5.65 
5.70 
5.75 
5.80 
5.85 
5.90 
5.95 
6.00 
6.05 
6.10 
6.15 
650 
625 
6.30 



feet. 

3.504 

3.547 

3.591 

3.635 

3.679 

3.723 

3.767 

3.811 

3.855 

3.899 

3.943 

3.988 

4.032 

4.076 

4.120 

4.165 

4.209 

4.254 

4.298 

4.343 

4.387 

4.432 

4.476 

4.521 

4.566 

4.610 

4.655 

4.700 

4.745 

4.789 

4.834 

4.879 

4 924 

4.909 

5.014 

5.059 

5104 

5.149 

5.194 

5.240 

5.285 

5.330 



Differ- 
ences. 



43 

44 

44 

44 

44 

44 

44 

44 

44 

44 

45 

44 

44 

44 

45 

44 

45 

44 

45 

44 

45 

44 

45 

45 

44 

45 

45 

45 

44 

45 

45 

45 

45 

45 

45 

45 

45 

45 

46 

45 

45 

45 
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TABLE *— continued. 



Veolcity. Difrer- 
Snrlkce. 



Velocity. 
Bnrfkce. Mean. 



feet. 

6.35 

6.40 

6.45 

6.50 

6.55 

6.60 

6.65 

6.70 

6.75 

6.80 

6.85 

6.90 

6.95 

7.00 

7.05 

7.10 

7.15 

7.20 

7.25 

7.30 

7.35 

7.40 

7.45 

7.50 

7.55 



feet. 
6.375 
5.420 
5.466 
5.511 
5.556 
5.602 
5.647 
5.692 
5.738 
5.784 
5.829 
5.874 
5.920 
5.966 
6.011 
6.057 
6.103 
6.148 
6.194 
6.240 
6.285 
6.331 
6.377 
6423 
6.469 



DlffbT 
eneet. 



45 
46 
45 
45 
46 
45 
45 
46 
46 
45 
45 
46 
46 
45 
46 
46 
45 
46 
4G 
45 
46 
46 
4G 
46 
45 



feet. 

7.60 

7.65 

7.70 

7.75 

7.80 

7.85 

7.90 

7.95 

8.00 

8.05 

8.10 

8.15 

8.20 

8.25 

830 

8.35 

8.40 

8.45 

8.50 

8.55 

8.60 

8.65 

8.70 

8.75 

8.80 



feet. 

6.514 

6.560 

6.606 

6.652 

6.698 

6.744 

6.790 

6.836 

6.882 

6.928 

6.974 

7.021 

7.067 

7.113 

7.159 

7.205 

7.251 

7.298 

7.344 

7.390 

7.437 

7.483 

7.529 

7.575 

7.622 



46 

46 

46 

46 

46 

46 

46 

46 

46 

46 

47 

46 

46 

46 

46 

46 

47 

46 

46 

47 

46 

46 

46 

47 

46 



Veloeity. iDiSu 
Soffaee. Mmu. eoces. 



feet. 
8.85 
8.90 
8.95 
9.00 
9.05 
9.10 
9.15 
9.20 
9.25 
9.30 
9.85 
9.40 
9.45 
9.50 
955 
9.60 
9.65 
9.70 
9.75 
9.80 
9.85 
9.90 
9.95 
lO.OO 



Ivet. 
7.668 
7.715 
7.761 
7.808 
7.854 
7.900 
7.947 
7.994 
8.040 
8.087 
8.133 
8.180 
8.226 
8.273 
8.320 
8.366 
8.413 
8.460 
8506 
8.553 
8.600 
8647 
8.693 
8.740 



I? 

46 
47 
46 
46 
47 
47 
46 
47 
46 
47 
46 
47 
47 
46 
47 
47 
46 
47 
47 
47 
46 
47 



M. de Pronjr has also given the very simple 
formula 

V = 0.816458 V, 

which, simple as it is, is yet more correct than 
that of.Dubuat. 

69. There are several ways of measuring the 
velocity at the surface. The first we shall men*- 
tion is Pilot's tube. (Plate I, Fig. 1.) This 
is a tube say two inches in diameter, and five or 
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six ieet loog, one end of wbich is bent so as to 
make a right aogle, and tenninates in a cone, at the 
summit or end of which is a small opening. When 
this is placed in the water with the small open- 
ing opposed to the stream, the force of the cur- 
rent pressing against it, force.'} the water to rise 
in the tube to a certain height, which, on account 
of the velocity of the stream, will be greater 
than the height of the surrounding water. Ac- 
cording to Dubuat's experiments f of the ex- 
cess of height will be the height to which the 
velocity is due ; and this being found, the ve- 
locity is deduced from it at once. 

The height to which the water rises in the 
tube is marked by the stem of a small float, 
which is placed in the upper end of the tube, 
and moves against a graduated scale. It is evi- 
dent that this height will be greatest when the 
tube is directly opposed to the current, therefore 
it should be turned in various directions till the 
highest mark is found. Then turning it in the 
opposite direction, and noting the lowest position 
of the stem, the difference between this and the 
former mark will be the difference sought. 

If a long, pointed stick, having near its end a 
broad plate, be driven into the bed of the river, 
this plate preventing it from entering the ground 
any farther during the time of the experiment, 
the tube may be held fast or tied to this stick, 
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which may have a scale marked upon it ; and 
this will be the easiest way of making the ex- 
periment. 

In this manner the velocity in various points 
of the same vertical line may be determined, and 
that in different verticals, and from the mean of 
them we can find the mean velocity ; knowing 
also, by sounding, the depths of the water in va- 
rious parts of the same section, and measuring 
the width, we know the area of the section, and 
consequently the discharge. 

70. The velocity at the surface may be deter- 
mined also by means of little balls of wax, or 
of some substance of nearly the same specific 
gravity as water, which are made to float near 
the surface, and are carried along by the current. 
They should be of such weight as to be just im- 
mersed in the water, in order that the wind may 
not affect them. This experiment should be 
often repeated at different times, and in calm 
weather, and a mean of the results taken. A 
mean of the velocities at different heights, may 
be obtained by loading a stick in such a manner 
that it will stand upright in stagnant water. 
When placed in the stream, it will move in vir- 
tue of the mean velocity of the different parts 
in contact with it, and its inclination backward 
or forward will show whether the velocity in- 
creases or diminishes towards the bottom. 
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71. A spherical body suspended by a fine 
wire or thread may be presented to the current, 
and the velocity deduced from the inclination of 
the thread. 

72. The pressure which the water exerts 
against a disk of known dimensions, may be 
measured by means of a dynamometer. We can 
thence determine the velocity, since we may say 
in practice without any sensible error that the 
effort of water against a fixed vertical surface, 
is equal to the weight of a prism whose base is 
this surface and whose height is the height due 
to the velocity. 

73. It is sometimes necessary to measure the 
quantity of water which flows over a dam. Let 
/ be the width of the stream, A the height of the 
surface above the edge of the dam, which should 
be measured at a little distance back in order to 
avoid the depression which takes place just over 
the dam. If the banks or sides slant in such a 
manner as to lead the water to the overfall with 
as little obstruction as possible, calling Q the dis- 
charge per second, we have as the result of Du- 
buat's experiments 4.5756 I \/P = Q, the Eng- 
lish foot being the unit. But if, as is generally 
the case, the sides or banks do not slope towards 
the dam, the contraction takes place, and the 
quantity which flows over will only be | of the 
above. In that case the formula becomes 
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q = 3.4317 I VJ^- 
According to Bidone^s experiments the formula 
would be 

Q = 3.2242 I V^. 

According to Dr. Robison, we have in a similar 
case; for small apertures, less than 18 inches wide, 

q = 3.3515 I V^ ; 

for larger apertures 

q = 3.5583 I V^. 

74. In general, M. Girard observes, when we 
measure the quantity of water furnished by a 
stream, it is in order to find the supply which it 
can furnish for our use in various mechanical op- 
erations. The question then is, not so much 
what quantity passes at a certain instant, as what 
is the mean product for a length of time. We 
ought, then, strictly speaking, to measure the 
discharge which is continually varying, every day 
in the year, in order to find a true mean. As 
we cannot do this, we ought not to omit taking 
a measure at the time of lowest water, since it 
is very important to ascertain the minimum sup- 
ply. If there are mills upon the stream, it is 
very difficult to get an exact measure, for accord- 
ing as the water is held back or let out, the quan- 
tity will vary considerably. 

75. A great number of experiments have been 
made in Italy by various observers, to determine 
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the scale of velocitiesy or the comparative veloci- 
ties at various points of the same vertical line. 

From these experiments it may be inferred, 
that if we represent the velocities at various 
points by the ordlnates of a curve> it will have 
such a figure as No 1. (Plate I. figure 2.) 
From a report made by Messrs. de Prony, Gi- 
rard^ and Navier to the Academy of Sciences 
of Paris, upon some experiments made by M. 
Raucourt on the velocity of the Neva, we infer 
that the results of his experiments would give in 
winter when the river was covered with ice, 
a curve resembling No. 2. In summer, the ve- 
locities would be represented as in No. 3, by the 
curve AB in calm weather, AC with a wind 
against the stream, and AD with a wind in the 
direction of the stream. Of course, the violence 
of the wind and its duration have an influence 
upon the effect which it produces. 

According to Dubuat's experiments, the curve 
would be No. 4. From M. Raucourt's experi- 
ments it would seem that the state of the atmo- 
sphere should be taken into consideration, if we 
seek to determine the mean velocity from that at 
the surface. 
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CHAPTER V. 

CONVETANCE OF WATER BT CANALS OR 

AQUEDUCTS. 

76. The formulae of Chapter I. show us the 
relation which exists between the section of the 
bed, the quantity which flows per second, the 
velocity, inclinatioui and depth ; so that we have 
nothing to do, but to substitute in these formulae 
the numerical values which other considerations 
have led us to affix to some of these elements, 
and thence deduce the appropriate values of the 
rest. 

77. Generally speaking, the section of a canal 
will have the trapezoidal form, since a certain 
inclination is necessary to prevent the banks 
from falling in. In this case the mean radius 
may be represented by 

•n w h (tg + nA) 

In which 
M = area of the section, 
X = perimeter, 
h =1 depth of water, 
w = width at bottom, 
n =: ratio of base of slope to its height. 
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In case of a rectangle we have n = 0, and 
the value of R becomes 

p — ^^ 

If the width is very great compared with the 
depths as is the case in broad, shallow rivers, 2 h 
may be omitted in the denominator, and the 
mean radius will be very nearly the depth A« 
The value of n evidently depends upon the na- 
ture of the soil, and ranges generally between 
1 and 2. 

78. There are various causes which render 
it necessary to increase considerably the dimen- 
sions of an open canal, which is intended to con- 
vey a supply of water. The evaporation from 
its exposed surface is a cause of loss from which 
there are no means of escaping. The quantity 
which will pass off in this manner varies greatly 
in different localities, and can only be accurately 
known by a long series of careful observations. 
(See Chapter III.) 

79. Leakage is also a danger to be guarded 
against, by augmenting the supply in the first 
place, and also by various other means. The 
loss due to this cause depends upon the nature 
of the soil. It is generally much greater when 
the water is first introduced into the canal, than 
when it has had time to saturate the bed through 
which it flows. In a rocky and loose soil, this 
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sitaration may not take place, and recourse nuist 
be had to artificial methods lor retaining the 
water. 

80. As instances of the great amount of leak- 
age in certain soils, and of a proper method of 
preventing it, we may mention first the Canal 
du Centre, in France. This canal is carried 
along the side of a hill in the neighbourhood of 
the quarries of Vertempierre ; and its sides were 
formed by a dry wall, behind which had been 
rammed a lining of clay 3.28 feet in thickness. 
The leakage through this and through the em- 
bankment was such, however, that in the space 
of 800 feet in length, there was found to be a 
daily loss of firom four to five hundred thousand 
cubic feet. The method which eflFe<;lually reme- 
died the evil was, to line the sides and the bot- 
tom, throughout this whole length, with rubble 
masonry, of which one foot in depth was laid 
in hydraulic mortar. This mortar was employed 
in large quantities, and great care was taken to 
fill the joints perfectly. By this means an effect- 
ual stop was put to the leakage. 

The Canal of St. Quentin, in the north of 
France which was finished in 1811, lost at first 
fuch a great quantity of water, that the boats 
were delayed two or three months in going from 
Cambrai to Chauny, which passage they now 
make in twelve days. When the water was first 
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introduced into tlie Canal de Narbonne, in 1787, 
the leakage was enormous, and ten months after* 
wards, when it was considered much less than at 
first, the canal lost in six days water enough to 
fill it entirely. In 1800 it took 21 days for the 
same quantity topassofi^in this manner. The 
feeder of St. Pnv6, which supplies the canal de 
Briare, though it has been in use nearly 200 
years, still loses three quarters of its water. 
, The feeders of the Languedoc canal lose in 
twelve days almost enough to fill them. A 
method often employed to put a stop to this evil 
is, to introduce muddy water into the canals, 
in order that the mud may be . deposited and 
enter the interstices of the permeable bed. But 
MM. Fevre and Robiliard, in stopping the leaks 
of a part of the Canal de Bourgogne, found that it 
was a much more expeditious and efifectual method 
to employ fine sand. This sand is thrown with 
the shovel in small quantities at a time, in such a 
manner as to scatter it over the surface of the 
water ; and thus falling in a very divided state, 
the grains are drawn into the little interstices of 
the bed which they soon fill. This process was 
used in a great number of places with complete 
success, and a few hours' time was sufficient to 
produce a most advantageous effect.*' 

* Annales des Fonts et Chaussees. 1832. 



106 CONYETANCE Or WATER 

81. When we have fixed upon the proper 
quantity of water for the canal to convey, we 
must determine also what velocity we will give 
it. In some instances, as in that of the Canal 
de rOurcq, which conveys water for the public 
fountains in Paris, the canal is intended to serve 
the purposes of navigation, as well as to fulfil 
its' primary object. In such a case it is proper 
to give as small a velocity as possible to the 
water, in order to oppose the least possible re- 
sistance to boats when towed against the stream. 
The French engineers detennined in this case 
that the least velocity sufficient to preserve the 
water pure and fresh, was 35 centimetres or 
1.15 feet per second. This depends evidently 
in a degree upon the nature of the soil, and of 
the plants wiiich grow in the bed of the canal ; 
for all .will not have an equally injurious effect 
upon the water which remains in contact with 
them. 

82. The following Table shows the velocity of 
the water in various natural streams and aque- 
ducts.* 

* Genieys. Essai sur les Moyens de conduirei 
d'elever, et de distribuer les £aux« 
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TABLE. 



Name. 



Tiber 



Seine 



Loire 

Rhone at Aries 

Rhone at Baucaire 

Durance 

Feeder of Courpalet \ 
(Canal of Orleans) 5 

Canal de TOurcq 

Do. 

Roman Aqueducts < 

Aqueduct of Nismes 
Bridge of Gard 
Aqueduct of Mont 
Pyla, at Lyons 
Aqueduct of Metz 

Aqueduct of Trappes 

Aqueduct of Caserta 
Aqueduct of Mont- 

pellier 
Feeder of St. Priv^ 
Canal of Briare 
Feeder of the Ca- 
nal dn Centre 
Aqueduct of Arcueil 
Aqueduct of Ro- ) 
quencourt y 

Aqueduct of Main- > 
tenon S 



Slope. 



Velocity 

per 
second. 



0.000125 



0.000382 



0.0000355 

0.0000625 

0.0001236 

0.001543 

0.002315 

0.000400 

0.0016667 

0.0010034 

0.000125 

0.000208 

0.000289 

0.000078 

0.000278 
0.000417 
0.000294 

0.000210 



feet. 
3.281 



2.559 

4.265 
4.790 
8.530 

8.530 

0.295 

1.230 
1.772 

2.001 

2.953 
2.789 
1.772 
1.345 
0.712 



Remarka. 



At Rome, when the wa> 
ter is low. 

According to M. de 
Ch6zy*s observation 
between Surdoe and 
NeuiUy, the height 
being 1.26 metre above 
the summer level. 

When the water is low. 
« » u 

Common velocity be- 
tween Sisteroa and its 
mouth; the water being 
not more than 3 metres 
above the summer level. 



S Calculated velocity sup- 
( posing a depth of 4.93 ft. 



Do. 



Do. 



C Velocity calculated ac- 
^ cording to the formula. 

Do. 

Do. 

> From an experiment by 
^ Picard. 

From the formula. 
Do. 



83. It should be observed, that the plants 
which grow ia the bed of the stream diminish 
the velocity considerably. Dubuat, when making 
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being supposed to be built with sufficient care, 
and good mortar being employed, we may con- 
sider ourselves as secure from any loss by means 
of leakage, so that no enlargement of dimensions 
is required to counterbalance that evil. More- 
over there is nothing to fear from the growth of 
reeds or other plants which might retard the 
flow ; nor is the same velocity necessary to keep 
the water sweet and wholesome, since there are 
no noxious herbs or saline earths with which it 
may remain in contact. 

87. In building these aqueducts the object 
generally is, to give such an easy passage to the 
water that a very 'small head will be sufficient, 
so that it may be brought to the most elevated 
parts of a city, with but little loss of height in 
its passage. Sometimes, however, to cross a 
deep valley and maintain a uniform inclination, 
would require an enormous expense of masonry, 
and the passage may there be made by other 
means. From one side of the valley the water 
from the aqueduct is received into a pipe, by 
means of which it is conveyed along the bot- 
tom or over a low bridge to a less elevated spot 
on the opposite side, where it is again received 
into another branch of the aqueduct. A suffi- 
cient head may be allowed to give the water con- 
siderable velocity in the pipe, which will gener- 
ally not need to be very long. Thus the advan- 
tages of an aqueduct may be gained throughout 
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the greater part of the line, though they will 
be lost here for a certain distance. This method 
b used in the aqueduct of Genoa. 

88, If we wish to convey the water of an 
aqueduct over a hill, provided its height be not 
more than 34 feet^ we can use a syphon. As it 
would not be easy to exhaust the air from a 
syphon of such a size^ the proper way to put it 
in operation would be to close the two ends, and 
fill it from an opening in the top ; the ends being 
then opened, the water will flow. In order to 
prevent the air from afterwards entering the pipe, 
the extremities should be kept under water. 
There should also be at the summit a cock or 
air valve. (See Articles 120 and following.) 

89. In order to exhibit as distinctly as possible 
the mode of applying the preceding rules and 
formulae, we will take an example and go 
through the calculations. 

We will suppose a pond situated at a distance 
of 10 miles and of* sufficient extent to furnish 
an ample supply. The quantity which we wish 
to convey is 500,000 cubic feet per day, equiva- 
lent to 5.787 cubic feet per second. We sup- 
pose the section of the aqueduct to be a trape- 
zoid, with sides sloping at one fifth; and that 
the fall from the surface of the pond to the level 

8 
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of the reservdr into which the aqueduct opens 
is 40 feet. Thus 

{ . . . length == 52800 feet, 

«... fell = 40, 

40 

/. . . inclination s= goySo ^ 0.0007576, 

Q . . . discharge per second = 5.787 cubic feet, 
n . . • ratio of base of slope of sides to their 
height = J. 
We suppose also that the width w of the 
aqueduct at bottom is equal to twice the height 
at which the water stands. The question is, 
what dimensions should we give to the aqueduct, 
and what will be the velocity of the water. 

We shall use Eytelwein's equation given in 
Article 28. 

0.0000242651 Qw + 0.0001114155 Q« = ^/. 

We have, according to Article 77, 
w = A (w + nA), 

and, since w = 2h and n = |, 

a, = A(2A+J^= VAS 

;f =:2A-i-2AVH^= 2A+2.0396A=4.0396A. 
Substituting these values in the equation, it 
becomes 

0.0000242651 X 5.787 X^^*H-0.0001114155x(5.787)i ZS 

(11/ 0.0007576 jg 
(5)3 4.0396 • 
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Perfonning the multiplications and di^dmg by 
the coefficients of k\ we obtain 

A» — 0.1547 A» = 1.8685. 

It is evident by inspection, that the value of 
h which will satisfy this equation of the 5th de- 
gree, is a little greater than unity. After two 
or three trials we shall find that it is very nearly 

A = 1.157. 
Consequently 

w = 2.314. 

Moreover 

Q 5.787 X 5 1 nisc r * 

V = — = ,, ^^ /, ig.^\Q = 1-965 feet. 
» 11 X (1.157)*. 

The velocity at the surface F^ according to the 
Table of Article 68, will be 2.457. 

We must therefore give the aqueduct a width 
of 2.314 feet at the bottom. The water will 
stand at the height of 1.157, and will have a 
velocity of 2.457 feet at the surface and a mean 
velocity of 1.965. 

90. We might now propose another question. 
Let us suppose that there are in the immediate 
neighbourhood of the city four suitable locations 
for a reservoir, which are at such a height that 
the surface of the water would stand at the 
respective levels of 30, 40, 50, and 60 feet 
below the pond. The aqueduct is to be built 
with sloping sides as before. We intend that the 
water shall stand in it at' the depth of 3 feet, and 
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that the width at the bottom shall be 4 feet. 
What will be the mean velocity of the water, 
and what will be the quantity conveyed to either 
of these summits ? 

We have as before 

» = y A« = V = 8.8, 
X = 4.0396 X A = 8.0792, 

q = 8.8 V. 
To 

z=s ZO 40 50 60 correipond 

respectively 

/ = 0.0005683 0.0007576 0.0009470 0.0011363 
RI= 0.0006189 0.00083S9 0.0010338 0.0019378. 

We now have recourse to the Table of Article 
39 to find the mean velocities corresponding to 
these several values of JR J, and we shall use 
Eytelwein's numbers. 

To JR J = 0.0006189 corresponds t; = 2.25. 
For RIz=z 0.0008252, t; falls between 2.60 and 
2.65, and we can find it by a simple proportion. 
The difference between the values of JR/ cor- 
responding to those velocities Is 0.0000304. 

We have also 

0.0008252 — 0.0008163 = 0.0000089 ; 

and we have 

804 : 89 : : 0.05 : 0.015. 
Hence v £ 8.60 + 0.015 =: 2.615. 
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In a similar maoDer we find for 

JR / = 0.0010338 V = 2.939 

JR/ = 0.0012378 V = 3.226. 

We have then^ in the four successive cases, 

ft. ft ft. ft. 

1;= 2i250 2.615 2.939 3.226 

eft. 

Q = 8.8 1; « 19.800 2a012 25.863 28.389 
per day 1,710,720 1,938,237 2,234,580 2,452,787 

91. A third question may be proposed which 
seems a little more complicated/ but it may be 
solved with the same facility as the preceding. 

Three reservoirs are to be supplied by means 
of the same aqueduct. At a certain distance 
firom the fountain-head, it discharges 1 cubic foot 
per second, which is conveyed to the first reser- 
voir by a channel 6000 feet in length, with a fall 
of 2 feet. At some distance farther, it discharges 
2 cubic feet per second, which is conveyed to 
the second reservoir by a channel having a 
length of 10,000 feet, and a fall of 1 foot. The 
aqueduct is then continued till it reaches the 
third reservoir, into which it discharges 24 cubic 
feet per second. We suppose that from the 
fountain-head to its extremity it has a rectangu- 
lar section, 4 feet in width, and that the inclina- 
tion throughout its whole length is 1 foot in 
1000, or that / = 0.001. 

We wish to know what will be tl|t depth of 
the water and the velocity in the three divisions 
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of the principal aqueduct ; and also the dimen- 
sions of the two small aqueducts leading to the 
first two reservoirs, and the velocity of the water 
in them. 

In the first portion of the large aqueduct we have 

Q = 27, /=i= 0,001, «i = 4A, ;r = 4 + 2A, 

Substituting these values in the third equation 
of Eytelwein (Article 28), it becomes 
0.0000242651 X 27 X 4 A+0.000 1 1 14155 X27 X27 

whence we deduce 

A3 _ 0.0819 A» — 2.702 h = 5.076 ; 

and a few trials will show us that this equation 
is satisfied by giving to A the value 2.265. 
This, then, is the depth in the first part of the 
aqueduct. The velocity is 

? °' 4 x1l265 = ^•^' 
In the second portion of the aqueduct we have 
Q = 26, 1=0.001, ai = 4A, ;^=:4 + 2A. 

The formula becomes, therefore, 

0.0000242651 X26X4 A + 0.0001114155X26X26 

43^3 

= 4-+2I 0.001 ; 
whence we deduce 

h* — 0.0789 *• — 2.51 13 A =5 4.7073 ; 
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> 

and this equation is satisfied by making h z=^ 
3.20. This, then^ is the depth in the second 
portion. The velocity is 

In the third portion of the aqueduct we have 
Q =: 24, /= 0.001, « = 4A, ;r = 4 + 2 A. 
The formula becomes, therefore, 

0.0000242651 X24X4A + 0.0001114155X24X24 

43 A' 

whence we deduce 

A3 _ 0.0728 A« — 2.1511 A = 4.011, 

and this equation is satisfied by making A := 
2.06. This, then, is the depth in the last por- 
tion. The velocity is 

m "^ 4 X 2.06 ^ ^-^^^ 

There remain now to be considered the two 
small aqueducts. We will make them both rec- 
tangular and the width of the first shall be 1 
foot. We shall have, then, for the first of them, 

Q = l,C = 2,i=:6000,tt7=:l,«=A, ;r = l+2A. 
The formula becomes, therefore, 

0.0000242651 A + 00001114155 - -JL.^. 
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whence we deduce 

A3 _ 0.1456 A« — 0.7413 h = 0.3342 ; 

and this equation is satisfied by making A = 1.10, 
which will* therefore be the depth of the water 
in this aqueduct: The velocity will be 

^=:jir = 0.91. 
CO 1.1 

Let the width of the second aqueduct be 2 feet. 
We shall have 

Q = 2, f = I, i= 10000, w=2, 0) =2 A, ;f=2+2*. 
The formula becomes, therefore, 

0.000242651 x 2 X 2 A + 0.0001114155 x 4 = -i^ 0.0001; 

* "J" « n 

whence we deduce 
^ A3 _ 0.2427 A» — 1.3568 A = 1.1142 ; 

and this equation is satisfied by making A = 1.56, 
which will therefore be the depth of the water 
in this aqueduct. The velocity will be 

- = z^ = 0.64. 

92. The equation av + bv^ =: JR/ of Article 
24 shows that when the velocity v, and the incli- 
nation I are determined, R is also determined by 

means of them. But since JR = -, it is evident 

that the value of JR thus found will correspond 
to a number of channels having different sec- 
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tions ; for we may alter simultaneously both cd 
and x> without altering the relation which these 
two quantities bear to each other, or the value 

of?. 

X 

Thus suppose, for instance, that we have v = 5 
and I = 0.001 . The Table of Article 29 gives 
us for t; =5 the corresponding value RI = 
0.0029067. Whence we deduce R = 2.9067 ; 
and any section such that its area o) divided by 
its perimeter x is equal to 2.9067, will be that 
of an open channel which with an inclination of 
0.001 would convey water with a mean velocity 
of 5 feet per second. 

The trapezoid is the most common section 
given to canals, and we have seen (Art. 77), that 
the general expression for the mean radius in 

that case is, R = _*-|^«j^ ; we have 

then —P^+;3^ = 2.9067. 

Suppose in the fii'st place n = 0, in which 
case the trapezoid becomes a rectangle, and we 
have 

— i — rt L —" 2.9067, 

whence we deduce 

2.9067 , IT niOii 
w = — 7 — to + 5.8134. 
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It is evident that this equation will not give a 
positive value for to unless the coefficient of t^r in 
the second member is a fraction, or unless h be 
greater than 2.9067 ; and that every value we 
may give to h greater than 2.9067 will furnish a 
positive value for Wy and thus give the section 
of a channel answering the conditions with which 
we set out. 

Let A = 8 ; to = 0.9689 to -f- 5^184 ; whence to =186.93. 
Let A =s 6 ; to = 0.4845 to + 5.8194 ; whence to = 11.277. 
Let A =r 10 ; to = 0.29067 to + 5.8184 ; whence w = 8.1956. 

Thus a channel with a rectangular section 
having either of the values of w for its width, 
and the corresponding h for its depth, would con- 
vey water with the velocity of 5 feet in a second, 
the inclination being 0.001. 

Suppose now that n = |, or that the sides of 
the channel have a slope of J. We have 

2.9067 = — ^ 



w + 2 A^i + Vr ^ + 2.0;i96 h ' 
whence we deduce 

^^ A(|-5.9286) 

2.9067 — A 

In order that the value of w may be positive, it 
is necessary that the numerator and denominator 
of the second member of this equation should 
have the same sign. 
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If A ^ 2.9067, the denominator is negative ; 

If A <^ 29.643, the numerator is negative. 

If A <^ 2.9067, the denominator is positive ; 

If A ]> 29.643, the numerator is positive. 
From this it is evident that the numerator 
and denominator cannot both be positive; and 
that they will both be negative when A is 
included between 2.9067 and 29.643. 

T^. Ji o 3(0.6 — 5.9286) ^^^ ^a 

Let A = 3; t. = 2.9067-3 " = ^^^'^' 

Thus if the width of the channel be either of 
these values of w^ and the depth equal to the 
corresponding values of A, the sides sloping at 
one fifth, the mean velocity will be 5 feet per 
second. 

By calculating the area and perimeter of these 
sections, we reverse the operation we have per- 
formed, and test its correctness. Thus in the 
rectangular section, 

A = 10, u; =8.1956, « = 81.956, ;r = ^- J 966, 

^ = 28.1956 == ^-^^^ ' 
and in the trapezoidal section, 

h^lO, «os= 6.5886, tt>=:lO (6.6385 + 2),x = 5.6886 + 20 J96, 



10(5.5385+2) _goog' 
^ "" 5.538i + 20.396 ~ ^•^'^'- 
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93. Hitherto we have always supposed a cer- 
tain inclination in the bed of the stream, as will 
almost always be the case. But a question may 
arise as to what the motion would be in a hori- 
zontal channel, at one extremity of which the 
water has no outlet. In this case, the surface 
of the water will not be parallel with the bed, 
but there will be an inclination towards the out- 
let, and the conditions of the uniform motion^ 
which require that the section should be the 
same throughout, are no longer fulfilled. The 
equation of Article 21 is therefore not applicable 
here, and we must have recourse to the general 
formula of Article 20. The manner of applying 
it was given by Belanger, and will best be ex- 
plained by an example. 

94. Suppose a canal 1600 feet long, with a 
horizontal bed. It is 5 feet wide at the bottom, 
and the sides have a slope of j^^. It receives at 
one extremity a constant supply of 30 cubic feet 
per second. This whole quantity is discharged at 
the other extremity. The question is, what will 
be the depth of the water in the canal, at the end 
where the supply is introduced, supposing that, 
at the other extremity, the water stands just 2 
feet above the floor. 

The inclination being nothing, we must make 
t = in the formula of Article 20. Multiply- 
ing also the two terms by w, it becomes 



BT OAlliLLt OB A^UKDUCTS. 1% 

which is to be iDtegrated (Art. 23) between two 
limits, Am which is unknown, and A^ = 2. 
We have bom the data of the question 

ds = 1600. 

95. It may be observed that since h diminish- 
es as s increases, in order to have ds and dh 
positive at the same time, the sign of the above 
equation should be changed, and we shall have 

ds =^ ~7 1 » ov d A, 

which is to be integrated from Aq = 2 to A^; this 
last limit being such as to give us 

A. 



/, 



/ 



ds = 1600. 



A» 

From the data of Article 94 we have 

x = 5 + ^\ A = yV050 + 2 A) , 
;r = 5 + 2 VA« + (^)9 A3 = 5 + 2.00111 A 
= j\ (150 + 60A), 
A ,- , V A /150 + 30«\ 
" = 2(®+^)=3o( 2 ; 

=.*(150 + A), - 



30 



_ Q — 52 
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The expression for ds may therefore be put 
under the form 

30«_f (300 + 4A) 

(150 + 60A)(a» + 6r«) 

96. In order to integrate it approximatively I 

construct the subjoined Table, which contains as 

follows. 

Ist column. Successive values of A in a series 
of equidifierences, the ratio being 0.1, and be« 
ginning with the given height Aq = 2. 

2d column. Values of 30w = A (150 + A) in 
a series the second difference of which is con- 
stant, and equal to 0.02. 

30 

3d column. Values of « = — deduced from the 

(0 



preceding column. 



»a 



4th column. Values of ^^ or heights due to the 

velocities v of the preceding column. 
5th column. Values of 300 + 4 A. A series 
of equidifferences, the constant ratio being 0.4. 

6th column. Values of 5— (300 + 4 A), prod- 
uct of the numbers in the 4th and 5th columns. 
7th column. Values of the numerator of ^I, or 

difference of the numbers in the 2d and 6th 
columns. 
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8th column. Values of ISO + 60h'm a series 
of equidi£breiices, whose constant ratio is 6. 

9th column. Values of av -|~ ^'^> correspond- 
ing to the values of v contained in the 3d 
column. 
We can deduce them bj simple proportion 

from the numbers already calculated in the Table 

of Article 29.* 

10th column. Product of the numbers of col- 
umns 8th and 9th9 or values of the denomina- 

- ds 
tor of -TT. 
dh 

11th column. Quotients of the numbers in the 

7th column, divided by those in the 10th, or 

values of -r-.. 
dh 

* It might be remarked that the values of ao 
+ bv^ are in this Table called values of Rl. It 
is true that in the case under consideration, we 
cannot have the equation a r -f- 6 o' = RL But 
a moment's reflection will show that these values 
of a V -f- 6 v^ are calculated merely according to 
the values of a, b, and o, and are the same whether 
the equation holds good or not. Eytelwein's vaU 
ues are taken rather than Prony's, because the 
former author had the advantage of a greater 
number of experiments in determining his co- 
efficients a and 6. 
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97. We will DOW show the maDner of using 
the Table, and of finding column 12th. The 
equation of Article 95 is of the form ds =, 
F (h) d h. The eleventh colunm gives the val- 
ues of F(h) corresponding to the various values 
of h which are in the first column, and which 
make a series of equidifierences. Now it may 
be remarked that these values of J^ (A) are in a 
series which does not vary much from a series of 
equidifierences ; whence we may conclude that 
the distance Sm + i — *Sm> which separates the 
two consecutive heights A^ , h^-^-iy ih with con- 
siderable approximation, equal to the product of 
the half sum of the two corresponding values 
J' (A«), J?' (A « + i), multiplied by the difference 
Am-f 1 — A«. * 

Hence we have a method of determining with 
a sufficient approximation the length of the can- 
al included between those points where the depth 
has the various values given in the 1st column ; 
a method which is of very easy application, since 
the difference between the consecutive values of 



* Our notions upon the quadrature of curves 
render this proposition evident. Imagine a curve 
whose co-ordinates are A and F{h) ; the inte- 
gral J^F{h)dh is represented by the area of a 
segment contained between this curve, the axis 
of the abscissas A, and the two ordinates which 
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A is 0.1. By adding together the intermedi- 
ate results we obtain the total distance between 
any two depths. Thus h^ being 2 and hm^i be- 
bg 2.1 we have h^j^i — A« = 0.1. We have 
also F(A«) = 926 ; -F {fiM-k-i) = 1069.6; 
JP(Am+i)+ -F(Am) = 1069.6 + 926 = 1995.6 ; 

correspond to the abscissas which limit the in- 
tegral. 

pm = F (Am). 
p'«' = J'(Am+i). 
pp*z=Op'—Op 

= A«4.l— Am* 




P i' P' 



A 



jP(A)c/A = 



area pmm p. 
Now if to three equidifferent values of A corre- 
spond three values of F (A) sensibly equidifferent, 
it is clear that the arc which passes through the 
three points determined by these co-ordinates, 
differs very little from a straight line. j4 fortiori 
may we eonsider the arc which passes through two 
poinU as coinciding with its chord; hence the 

area which is equal to the integral J , F{h)d A 

may be taken for that of the trapezoid whose 



measure la pp 



■( 



'pm^p'm 



2 



> 



Hence 



I\k) dh^ I [r(hn)+F{h ,+ 1)] (k.+1-A.). 
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and the distance between the sections where the 
depths are 2 feet and 2.1 is 

= 1»^ X 0.1 = 99.78. 

In like manner the distance between the sec- 
tions whose height is 2.1 and 2.2 is, 

K1069.6 + 1223.1) (0.1) = 114.63, 

and so on. The distance therefore between the 
sections where the depths are 2 and 2.2 is 
99.78 + 114.63 = 214.41. 

We find also, that between the depths 2 and 
2.90 there is a length of 1514.72 feet, and 
between the depths 2 and 3 feet, a distance of 
1783.35 feet. 

98. The value of h, therefore, at the end of 
1600 feet, which we have supposed to be the 
length of the canal, will fall between 2.90 which 
corresponds to a distance of 1514.72 feet, and 
3 which corresponds to 1783.35 feet, and. must 
be at a distance of 85.28 from the place ^where 
A = 2.90. We may now remark, that the val- 

ds 

ues of -r^ coijesponding to A = 2.90 and A = 3 

feet being 2569.8 and 2802.8, the difference of 
which is 233, it is certain that for values of A in- 
creasing by 0.01 from 2.90 upward, the values 

ds 
of -j-r would increase very nearly by Vt' or 23.3. 
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Thus we should have 

A = 2.90 2.91 2.92 2.93 2.94 
corresponding to 

^ = 2569.8 2593.1 2616.4 2639.7 2663.0, 

an 

between which the partial distances are 

25.81 26.04 26.28 26.51.* 

The sum of the first three partial distances is 
78.13. Hence the distance of the point where 
the depth is 2.93 is 1514.72 + 78.13 = 1592.85 
or nearly 1600 feet from the extremity. The 
answer, therefore, to the question of Article 94 is, 
that the end where the water is supplied, and 
which is 1600 feet from the outlet, the depth is 
2.93 feet nearly. 

99. We will now repeat in a single Article 
merely what is necessary for a practical appli- 
cation of the rules which we have been explain- 
ing in the last five Articles* 

We have given 
/ . •j»;.the length of a canal horizontal at hot- 

"**• tom, 
w ... its width at bottom, 
Q . . . the discharge per second, 

* These partial distances are found in the same 
manner as those at the end of Article 97 ; 

2593.1 + 8509.8 \ (9.91 3.90) = L. X 0.01. 

= 95.81. 
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n • • • the ratio of the base of the slope of the 

sides to their height, 
A, ... the value of A, or the depth of the water 

at the outlet of the canal. 
We denote by 
a; ... the width of the water at the surface 

(x zsz w -{- 2nh)j 

M . • • the area of the section (« = o (^^ + ^))» 

X • • • that part of the perimeter which is in con- 
tact with the water. (j[ =z w -{• 

2 A VI + n^h 
We wish to know 
Am • • • the depth of water at the entrance of 
the canal, or at the distance I from the 
outlet, 

t; . • . the mean velocity (v = — ). 

We construct a table of twelve columns like 
Table I, containing as follows : * 



n 

A(?!+A)-|^(^ + 4A) 

n 2g ^ n ' 
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Column 1. Successive values of the depth, be- 
ginning with Aq and increasing by small de- 
grees ; tenths of a foot, for instance. 

Column 2. Values of -, or of its equal A ( - + A), 

found by substituting for A' the successive val- 
ues of column 1. 

Q Q 

Column 3. Values of «= — or of * 



«*(^+A) 

found by Substituting for A the successive Val- 
ues of column 1. 

Column 4. Values of ^r— for the successive val- 

ues of V in the third column. They may be 
taken from the Table' of Article 60. 

Column 5. Values of h 4 A, found by sub- 
stituting ibr A the successive values of col- 
umn 1. 

Column 6. The product of 4th by 5th column. 

Column 7. Remainder of the subtraction of the 
6th.from the 2d column. 

Column 8. Values of - or of- (w -|- SAy'l-f-ns), 

found by substituting for A the successive val- 
ues of the 1st column. 
Column 9. Values of a v + b v^y corresponding 
to the successive values of v in the 3d column. 
They may be found already calculated in the 
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Table of Article 29, id which they are called 
values of RL 

Column 10. Product of 8th by 9th column. 

Column 11. Quotient of 7th column divided 
by the 10th. 

Column 12. The numbers of this column are 
thus found. Multiply the half sum of the 
first two numbers of the 11th column by the 
constant difference of the successive values 
of h in the 1st ; this gives the first number of 
column 12. 

Multiply the half sum of the second and third 
number of column 11th by the same constant 
difference ; it gives the second of column 12th 
and so on. The numbers of column 12 denote 
successively the distances between the first and 
second depths, the second and third, and so on. 

This will be more clearly understood by refer- 
ring to Fig. 3. Plate I. and comparing it with 
Table I. We there see plainly what the num- 
bers of the 1st and 12th columns denote, and 
that by means of them we are able to draw the 
longitudinal profile of the canal. Now, in order 
to find the height A^ at the distance I from the 
outlet, we go from A towards B, adding up the 
distances on the line AB until the sum is equal 
to Z, and the height h^ Is that corresponding to 
the point of the line AB where we stop. Thus, 
in the case of Fig. 3., if / = 344.89, the sum 
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of the first three distances is equal to Z, and Am 
= 2.30. If we had I = 400, A« would fall 
between 2.30 and 2.40 ; and, as the surface be- 
tween these two heights may be regarded as 
straight, Am may be found by a simple proportion. 
There is no need, however, of constructing the 
figure ; for by merely summing up enough of col- 
umn 12th to give us a sum equal to Z, the corre- 
sponding height will be found in the 1st cx)lumn. 

100. M. Belanger remarks that we should not 

use these formulae when the values of h are such 

ds 
as to give to ^ values less than 30 ; because in 

that case the approximation to a parallel motion, 
which we have supposed in the difierent linear 
elements of the stream, may no longer take place 
in a sufficient degree for us to reason upon this 
supposition. 

101. Thus far we have supposed, that all the 
water which flows in the canal is discharged by 
an outlet at the extremity. But, if the object 
of the canal be to furnish a supply to pipes, 
which are connected with it in various parts of 
its length, this will give rise to another problem 
which we will now proceed to solve. 

102. Suppose then that the same canal of 
which we have been speaking, discharges 8 cu- 
bib feet per second by a pipe which opens into 
it at a distance of 300 feet from the extremity 
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where the water is supplied ; IS cubic feet by a 
pipe 600 feet from the first ; and the remainder, 
10 cubic feet, by the outlet at its extremity. So 
that it conveys 

for a length of 300 feet 30 cubic feet per second 
it it 0QO «« 22 " " 

" " 700 «* 10 " " . 

We suppose, moreover, that the water at the 
be^ning of the canal is 3 feet deep. The 
question is, what will be the inclination of the 
surface in the three different portions of the 
canal. 

103. The first division, with a length of 300 
feet, is to discharge, as in the former question, 30 
cubic feet ; we can use then Table I. of Article 
96, relating to that question. We see that the 
distance between the depths 3 feet and 2.S0 is 
514.53 feet ; there being 245.90 between 2.80 
and 2.90, and 268.63 between 2.90 and 3. The 
value of h corresponding to 300 feet will there- 
fore be contained somewhere between 2.80 and 
2.90 ; and may be found by a process similar to 
that of Article 98. 

The values of ^ being 2348.2 and 2569.8, 

the difference of which is 221.6, the difference 
corresponding to a variation of 0.01 of a foot in 
the value of A, will be, with a sufficient approxi- 
mation, 22.16. Thus we shall have 
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k zrz 2JB0 2JBI 2m 2JS^ 2.84 2.86 

^ = S348J30 8370.96 2392.52 2414.68 2436.84 2459.00 
If* ^ 

diftancMs 23.59 23.81 24.03 24J25 24.48 

A = 2.85 2.86 2.87 2.88 2.89. 

^ s 2459.00 2481.16 2503.32 2525.48 2547.64. 

diftance8= 24.70 24.92 25.14 25.36. 

The sum of these nine partial distances is 
220.28. The point at which we want the depth 
is 214.53 from the place where h = 2.80. 
Hence this depth will be very nearly 2.89. 
Hence we conclude that the fall of the surface 
from the entrance of the canal to the origin of 
the first pipe is 3 — 2.89 or 0.11 in a length of 
300 feet. 

104. The second division is to discharge the 

quantity 22 cubic feet ; we therefore have v = 

22 660 

— = ojr— . We must now form a Table similar 

to Table I, the titles of the several columns 
being the same as those of the preceding Table, 
with the exception of the 3d, in which v has the 
above value. For greater convenience we wiU 
begin with h = 2.90, and will afterwards make 
the proper correction. 

With only three lines of this Table we see that 
the distance between the depths 2.90 and 2.70 
is 452.52 + 413.89 or 866.41. In order to 
know the distance between the ordinates 2.90 
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and 2.89, we may remark that between the 

ds 
depths 2.90 and 2.80 the quantity -jr varies by 

tV (4723.9 — 4326.6) = 39.73 for a variation 
of 0.01 in the value of A. 
Thus we have 

h = 2.90 2.89, 

^ =4723.9 4684.17, 
ah ' 

distance = 47.04. 

Hence we conclude that the distance between 
h = 2.90 and h = 2.89 is 47.04. Thus between 
the depths 2.89 and 2.70 there is a distance of 
866.41 — 47.04 or 819.37 feet. It remains 
now to see what will be the depth at a point 
819.37 — 600 or 219.37 from the depth h = 
2.70, going towards the point where the depth is 
2.80. 

By the same process as that used before we 
have 

h = 2.70 2.73 2.72 2.73 2.74 2.75 

^ = 8951.2 3988 74 4026 28 4063.82 4101.36 4138.90 
ah 

distances = 39.70 40.07 40.45 40.83 41.20. 

The sum of the first five distances is 202.25. 
Hence we may say with considerable approxi- 
mation, that at a point 219.37 from the place 
where h = 2.70, we shall have h = 2.75. 

Hence we conclude for the second division, 
that the depth at the origin of the second dis* 
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charging pipe is S.75, which makes a fall of 2.89 
— 2.75 = 0.14 feet in the length of 600. 

105. Remains now to consider the third di- 

..,,., 10 300 , 

vision. In this we have « = — = oK—f ^^" 

with this value of v we calculate Table III, in 
the same manner as we did Table II, begin- 
ning with h = 2.75 and increasing the values of 
h by 0.05 at a time, on account of the small ve- 
locity, which renders --rr very great. By this 

Table we see that the depth 2.70 will be at a dis- 
tance 880.32 from the depth 2.75. The point 
in question, at which we wish to know the depth, 
is therefore at 130.32 from where the depth is 
2.70, in going towards the depth 2.75. Using 
the same process of calculation as before, we 
shall have 

h = 2.70 2.71, 

^ = 17077.3 17289.0, 

ah ' 

distance = 171.83. 

Hence we may conclude with a sufficient ap- 
proximation, that at a point 700 feet from where 
h = 2.75, we shall have h = 2.71 ; and there? 
fore that the fall in this third division is 2.75 — 
2.71 = 0.04 in 700 feet. 

106. Recapitulating the results which we have 
obtained, we have 
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At the entrance of the 
CanalyWhere the qaantitv 
discharged is, per second, 
30 cubic feet 
Entrance of first pipe 
where quantity discharg- 
ed is 8 cubic feet 
Entrance of second pipe 
where the discharge is 
12 cubic feet 
At outlet where the db- 
charge is 10 cubic feet 



Depth 

of 
water. 


Fail ia 

each di- 

visioo. 


Length 

of each 

diviaioD. 


aiWDUtywhieh 
flows through 
each divirion. 


3 feet 


ft. 
0.11 


ft. 
300 


30 cubic feet 


2.89 






» 




0.14 


600 


22 " 


2.75 
2.71 


0.04 


700 


10 " 



By means of these Tables we can now con- 
struct Figure 4. Plate I., showing the longitudinal 
profile of the canal, in the same manner as we 
did that relating to the first question. 

107. M. Bc'langer here remarks, that, in solving 
this last question, he has supposed without any 
proof, in passing from one division to another : 
1st, that the first section of each division has the 
same height as the last of that which preceded 
it, although the velocities are not the same ; 2dly, 
that the drawing o£F a portion of the water by 
branch pipes or aqueducts would not interfere 
with the motion, which was supposed to be in sen- 
sibly parallel lines, in all of which the water pass- 
es any section with the same velocity. In the 
case of great velocities this would undoubtedly 
be inadmissible; for in that case there would 
certainly be on the surface, immediately after 
each brauch pipe, a sensible rise in the stream, 
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or an incIiDation in the direction opposite to the 
general one^ which would be caused by the great 
and sudden diminution of velocity. But he 
thinks his two hypotheses may be admitted in the 
case of small velocities, in which the error can- 
not certainly but be very slight. 

lOS. The method, which we have just been 
explaining, for finding the conditions of the mo- 
tion of a stream of water in a channel whose bot- 
tom b horizontal, has not been tried by experi- 
ment. As a theoretical method, it is of easy ap- 
plication, if we are willing to be satisfied with an 
approximation fully sufficient for practical pur- 
poses. The construction of the Tables is much 
simpler than might at first be imagined. It is 
much to be desired, however, that accurate and 
varied experiments should be made, in order to 
confirm these results of analysis, or to show 
wherein they are deficient. But until then, al- 
though a practical demonstration is wanting, we 
must consider them, in the absence of experi- 
ment, as our safest guide. 
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CHAPTER VI. 

CONVEYANCE OF WATER BY CONDtJIT-PIPES. 

109. By means of the formulae and Table of 
Chapter II. we shall be able to solve with great 
facility the questions relating to the conveyance 
of water by Conduit-Pipes. Some examples will 
best show how to apply them. 

We wish to know what will be the velocity 
and the quantity of water per second conveyed 
8 miles, by a pipe of 1 foot interior diameter ; 
the fall from the fountain-head to the surface of 
the water in the reservoir being 50 feet. 

We have 

D=l, 

? = 50, 
X = 42240, 

^ = 42240 = ^-0011837 = Dj, 
1 Dj = 0.0002959. 

By Table I. of Article 44, we see that the 
velocity will be a little less than 1.60, which cor- 
responds to 0.0002995. We can find it with 
sufficient accuracy by a simple proportion. Tak- 
ing the difference between the values con*espon- 
ding to 1.55 and 1.60, we have 
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176 : 0.05 : : 140 : 0.04. 

Hence t; = 1.55 + 0.04 = 1.59. 

To find the quantity per second we have Q =: 

?-^-^ = 0.7854 X 1.59 = 1.25 cubic feet. 
4 

Instead of using the Table we might have used 

the equations of Article 43 for the velocity or 

the quantity. In the equation 

0.000088268 1>3 Q + 0.0006881319 Q« = D^j 

we can substitute for D andy their values and 
we shall have 

0.000088268 Q + 0.0006881319 Q« = 0.0011837, 

whence we deduce Q = 1.25. 

110. Generally, however, the known quan- 
tity is the supply ; and the question is, what are 
the dimensions requisite to convey a certain num- 
ber of cubic feet per day. Suppose, for in- 
stance, we need 500,000 cubic feet per day, or 
5.787 cubic feet per second, the distance and the 
fall being the same as in the preceding case ; 
what will be the requisite diameter of the pipe ? 

We might substitute for D ^x\dj their values 
in the third equation of Article 43 ; but we shall 
use in this case the second Table of Article 44, 
which will give the same result as the fifth 
equation. 

We find by a proportion the value of D^j cor- 
responding to Q = 5.787, which will fall be* 

10 
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tween 0.0227575 and 0.0231550. We have 

0.05 : 3975 : : 0.037 : 2941 ; 
ly^j = 0.0227575 + 0.0002941 = 0.0230516 ; 



\0. 



0230516 , ^, . 

= 1.81 feet. 



.0011837 

111. It may happen that the ground on which 
the city stands is uneven, and that the height of 
the source, whence the water is drawn, may not 
be sufficient to raise it to the more elevated spots. 
If we have only a fixed sum to lay out, which 
sum may be sufficient to purchase and lay down 
a pipe of a certain diameter, we may make the 
pipe discharge into a reservoir placed at some 
moderate height, in which case it will furnish a 
certain determined quantity of water, or place 
the reservoir at a height considerably greater, in 
which case the quantity of water will be much 
less, but the number of houses within reach of 
the supply will be greater. The most proper 
course to adopt in such a case would be, to dis- 
charge the^ water in the city at a height such that 
the quantity will be just sufficient to supply all 
the houses below this height. If we take a 
higher point, our quantity will fall short ; and if 
we take a lower point, we shall be unable to 
reach a sufficient number of houses to make use 
of all that we are able to furnish. Of course, if 
it should happen that the lower parts of the city 



BT C01IDin'r*FIFC8. 147 

comprise principally the dwellings of the poorer 
dasses, while those of the richer inhabitants, who 
would be willing to pay a greater sum for the 
luxury of good water, are generally situated on 
the higher ground, this circumstance would have 
an influence on our calculations, and lead us to 
place the point of discharge at a higher level 
than we otherwise should. 

112. Suppose, for instance, that we are to use a 
pipe of 1 foot diameter and 20,000 feet long. 
In this case, in Table II. of Article 44 we have 
!>*=:], and the column D^j contains simply the 

values of y or of £, or of Kn^nTj* Thus a dis- 
charge of 1 cubic foot per second corresponds to 
a head of 

0.0006883 X 20000 = 13.766 ; 

1.25 cubic feet to a head of 21.510, 
1.50 " " « 30.974, 
1.75 " " " 42.160, 
2 cc €c u 55.066. 

113. It may happen that, in laying down the 
pipe mentioned in Article 109, we shall find it ne- 
cessary to make a bend such that one branch 
may deflect 50 degrees from the other. We de^ 
sire to know the proper radius for the curve 
which joins the two branches, and the height of 
water necessary to overcome the resistance at 
the bend. 
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In that case we 
have (see Art. 47.) 
a . . . angle of re- 
flection ; 
«... angle of de- 
flection or at cen- 
tre = 50^ ; 
D. . . = 1; 

cosa= 1 — p7- ; 

_ 50Q ^ 25 
2a a ' 

In order that the water may not be irregularly 
reflected against the sides of the pipe, we must 
give to a such a value as will render n a whole 
number. If we suppose a = 5° we shall have 

w = 5; 

cos 5^ = 1 — ;v- ; 

^ ^ 2(1 — cos 5o) = 0.00762 = ^^^'^^ f^®^- 

We might have made a = 25^, which would 
give n = 1, and this would also cause a regular 
reflection into the axis of the second branch. 
We should then have 

*" ^ 2 (1 — cos 250) "= 0.18738 ~ ^^'^^' 

Thus we see that we may make the radius of 
curvature equal to 131.23 feet or to 53.37, and 
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in either case the water would be reflected in a 
regular manner from the axis of one branch into 
that of the other. We might have also made 
a = 2° 30' which would have given n = 10. 

The height requisite to overcome the resistance 
arising from the bend is 0.003755 v^s^n, (Art. 
47.) 

If we make a = 5° we have w = 5, 

s = sin 5^, 
V = 1.59, 
and the height given by the above formula is 
0.00036 foot. 
If we make a = 25°, we have n = 1, 

s = sin 25°, 
V = 1.59, 
and the height given by the above formula is 
0.00170. 

Thus we see that there is considerable advan- 
tage in using the larger radius 131.23. 

According as we adopt one or the other radius, 
we should deduct the corresponding height from 
the head ^, and use the remainder for the value 
of t in the general formula for finding the dis- 
charge. 

114. A question may arise as to the manner 
in which water may be drawn from two reservoirs 
at a time ; and the preceding rules will enable us 
to solve it without difficulty. 



150 



CONTBTANCi: OT WATER 



We have two ponds A and B, situated at une- 
qual distances from the city which we wish to 
supply with water, and at unequal heights. The 
question is, how can we take advantage of both 
of them ; supposing them nearly in a straight 
line fixxn the point at which we are to deliver the 
vrater. 

Let q = quantity per second which A can fur- 
nish ; 
?, I, the fall and the length from A to the 
discharging orifice. 
Let ^ = quantity per second which B can fur- 
nish ; 
£', Vj the fall and the length from B to the 
discharging orifice. 
The question may be solved in the following 
manner. 




Suppose a reservoir in JB, whence water flows 
by a pipe to the discharging orifice C The 
pressure at M is equal to the weight of a col- 
umn of water of a certain unknown height 
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AM.* This pressure is supported by the side of 
the pipe. Evidently we do not change any thing 
in the conditions of the motion, if we take off a 
portion of the upper side of the pipe at M, and 
replace it by a reservoir of water AM. It is ev- 
ident also that AN, or that part of the head lost 
between B and . M, is the portion employed to 
overcome the friction between B and M, just as 
OC is the head employed to overcome the fric- 
tion between B and C. Things being in this 
state, if we imagine a division on the line AM, it 
is evident that on the left of the line a certain 
quantity of water is arriving from B into the res- 
ervoir A, and that on the right of the line an ex- 
actly equal quantity is flowing out from the reser- 
voir to C. t The whole of the water is now fur- 
nished by the reservoir at B, it is true ; but the 

* What the pressure is, and consequently what 
this height AM wiW be, is shown in Articles 162 
and following. 

t The height necessary to overcome the friction 
in the same pipe is proportional to the length. 
Hence AN or f — f being the head between jB 
and Af and £ or OC — AN the head between A 
and C, the pipe having throughout the same di- 
ameter d^, we have 

f' — f;l' — A:: t:A, 
or ^'~' 9 which is the value of J between the res- 
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case is exactly the same as if AM were a solid 
partition, and the quantity q' were supplied by 
the reservoir at A, the latter maintaining a con- 
stant level. 

We will DOW suppose that by means of cer- 
tain supplies of its own, the reservoir A is capa- 
ble of furnishing of itself a quantity g without its 
level being affected. It is capable also of fur- 
nishing the additional quantity q', which it re- 
ceives from B. Hence if we give to the pipe 
MC a diameter d, capable of discharging q + q'y 
determined by the equation 



9 + 9' 



= cj4 



we evidently make no change in the conditions of 
the motion between B and M. At the same 
time, since the quantity y' is to be conveyed 
from B to A, the diameter d^ of the pipe between 
the two reservoirs must be determined by the 
equation 



9 - ^^^ Y^Zl' 



ervoirs, is equal to -, which is the value of^ between 

A and C Hence the diameter and the values of 
j in the two parts being the same, the quantities 
determined by g^' = c y/df^j must be the same. 
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The diameters d and d' determined in the pre- 
ceding manner are evidently the proper ones in 
the case under consideration, and any other diam- 
eters would be attended with disadvantage. 
For if d' were made greater, it would convey 
Q >« 9' ; and the reservoir A having means on- 
ly to discharge q' besides its own proper supply, 
its level would be raised until it had attained a 
sufficient head to discharge Q -|- ^, in which 
case B would lose more water than it can spare 
according to the conditions of the question. Or 
if, instead of allowing the level to be raised we 
increased the diameter d, B would also lose 
more than it can spare. If, again, peculiar cir- 
cumstances, as a dam or overfall for instance, pre- 
vented the level A from being raised, the excess 
of Q over q' would flow off at A as from a leak, 
and be wasted. Nor can we make d^ smaller 
than we have determined it to be; for in that case 
it would not convey as much water as we are 
able to furnish. 

Also, if d were greater or less than we have de- 
termined it to be, it would discharge more than, 
or not so much as, A and B together can furnish. 

115. It may be asked what would be the 
event if the sides of the reservoir A were raised, 
and the supplies by means of which it is enabled 
to furnish its own quantity q were increased, so 
that it could furnish ^^q* 
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(1.) If we increased the diameter of the pipe 
MC in the proper ratio, the discharge at C would 
be increased by a quantity equal to the additional 
supply. No other effect could be produced. 

(2.) If nothing was changed in the pipes, the 
reservoir A receiving more than it could dis- 
charge, its level would be raised. This evidently 
alters the head between B and A, and would 
therefore affect the motion between the reser- 
voirs ; and also the head between A and C, and 
would therefore affect the motion between A and 
the point of discharge. The level of A being 
raised, and that of B remaining the same, the 
quantity flowing from B to A must be q^^ <^ q* 
on account of the diminished head. The sup- 
plies received by A are therefore Q + 9^'? a^d 
its level will become constant when d is capable 
of discharging this quantity. Let J'' represent 
the head between the new surface in A and the 
point of discharge C. Evidently we shall have 

q + q" = c JrfO^'. 

But the difference of level between B and A is 
t' — I". Hence 

From these two equations we deduce * 
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?^ — A^ SA^ ^ A A' 

qf' being thus found, we have from the 1st equa- 
tion 

This shows what will be the height of the reser- 
voir at Ay and what will be the quantity conveyed 
fix)m 'B \o A. . 



£" = £' — 



d'5 


^'- 


■K" 


V- 


-X ' 


^"« (A' 


-^) 






= S'-.S". 



c«d'5 



Q» + 2^'Q + ,- = f¥-V_^(^>j».. 



e^d'5 



,"« 



d 5 (2^ — A)^ 



C2d5 



y"9 ^ + 2 Q 9" = B — Q2. 
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116. It may be asked, what is the greatest 
height at which water from the reservoir A can 
be delivered ; or in other words, what is the 
least possible fall or value of ^ between A and C 
This will be given by the formula 



q = C Jd« 



whence 

Giving determinate values to q and d, we shall 
have f. 

Let yi be the least value which we can give 
to the quantity, and D the greatest admissible 
value of the diameter. We shall have for the 
least value off, which corresponds to the greatest 
height, 

It may be asked, what influence will a reser- 
voir in B have. Will it enable us to raise the 
same quantity of water higher, or to raise a 
larger quantity as high ? 

If the water from B can raise the level of A 
any quantity A, it will evidently raise the point of 
discharge just as much ; for J will in that case be 
measured down from the new surface. If the 
level A cannot be raised, and J? only furnishes a 
supply, the water brought from B must run to 
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waste, and can have no effect upon the height or 
quantity. For we can only increase the quantity 
or diminish the fall, 1st, by increasing D ; but we 
have already supposed D as large as possible ; 
or, 2dly, by exerting an additional pressure in 
M against the water flowing to C. But this we 
cannot do, in the present instance ; for the col- 
umn AMf whatever may be the motion among 
the particles of water of which it is composed, 
must always exert exactly the same pressure, 
as long as it retains the same height ; and we 
have supposed the height invariable. 

117. Let us suppose, in the case of Article 114, 

J = 3 cubic feet, g/ = 5 feet, 
C = 20 feet, S' = 50 feet, 

X = 18,000 feet, J/ = 40,000 feet. 

What are the diameters d' and d ? 

The second Table of Article 44 gives for a dis- 
charge of 8 feet, 

d« i = 0.0440523. 
Hence 

d« = 0.0440523 X 900, and d = 2.0876 ; 
also 



V /. 1/7/ 5 b C . /*/ c: . ?_ ^ — 

3 -^^^ X^-l^ T-^^ jrzTi- 



2200* 
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From the Table we have, for a discharge of 5 feet, 

d'« f = 0.0172080. 

Hence 

,,« 0.0172080 X 2200 , ,, - ^^^. 

cP* = ^^ , and d' = 1.6604 

118. Let us suppose in the case of Article 
115, that y = 3 becomes Q = 4, all other things 
remaining the same. What will be the quantity 
j'' conveyed from B to -4 ? What will be the 
new level of the surface at .^ ? 

. _ / 2.0876 \ 5 22000 _ . q . 

^ ■" ^ "^ Vl.6604/ ISOOO "" ^'^^' 

jy _ (38.116)2 (2.0876)5 x 50 _ .^^ 
^ - 18000 ^^"' 



?'--444+Nf(444)'+4^4--4S4=4.6896, 

_ (8.6896)2 18000 _ oo go 
^ — (38.116)2(2.0876)5'" '^''' 

The quantity conveyed from B to A is 4.6896 
cubic feet. The whole quantity discharged is 
8.6896. The reservoir A is raised 3.60 feet. 

119. As the great resistance to the motion of 
water in pipes, arising from the friction against 
the sides, cannot in any way be avoided, it is 
the more necessary, when water is to be con- 
veyed by this method from a considerable dis- 
tance, to remove every other obstacle to its pas- 
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sage. A perfectly straight line is the best di- 
rection which can be given to the pipe ; but, as it 
is generally impracticable to do so, the nearer 
approach we make to it the better. All sudden 
turns should be carefully avoided. The curves,, 
either in a horizontal or vertical plane, should 
be made of as large a radius as possible. Em- 
bankments and excavations to a considerable ex- 
tent should be encountered, in order to preserve 
the line. For it should be recollected that ev- 
ery obstruction to the discharge, will demand a 
corresponding increase in diameter ; and this in- 
crease, though slight, yet, taking effect on the 
whole length, may occasion a considerable ex- 
pense. 

120. When a pipe has vertical flexures, the 
air which finds its way into it, will rise and oc- 
cupy the summit of these flexures, and, unless 
^ means are taken to get rid of it, will diminish, or 
even wholly obstruct the flow. Couplet found, 
that when water was admitted into a pipe which 
leads from Roquencour to Versailles, about 12,000 
feet long and eight inches in diameter, with a 
head of a little more than two feet and a half, 
about ten days elapsed before it made its appear-^ 
ance at the mouth. In consequence of this, 
some of the curves were made less abrupt, and 
the summits of the vertical flexures were mada 
to communicate with the atmosphere by means of. 
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small, upright pipes, so that the confined air could 
escape. After this, the water generally began 
to flow in about twelve hours, being preceded 
all this time by gusts of wind, and small irregular 
discharges of mingled air and water. 

121. The method here spoken of for getting 
rid of the air, seems to be the most simple which 
can be employed. If a small vertical pipe be 
inserted upon the summit of one of the curves, 
the water will rise in it till it has attained the 
height corresponding to the pressure at that 
place ; the air will pass through it and escape. 
But when the head of water is considerable, 
the great height, which it would be necessary to 
give these pipes, renders them inconvenient. 

122. In the pipes which convey water through 
the streets of Paris, one of the two following 
methods is used. The first is, to connect with 
the main a short pipe with a stop-cock. It is 
opened when the water is first admitted, and 
shut as soon as the air has all passed out and the 
water begins to follow. The second is by means 
of an air valve represented in section in Figure 
5. Plate II. A copper cylinder a, about 8 inch- 
es in diameter on the outside and 14 inches 
high, is put in communication with the main c 
by a short four-inch pipe b. Inside of the cyl- 
inder are two cross-pieces with each a hole in the 
centre, through which passes a stem /, which 
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fibrins the axis of a hollow ball g^ used as a float. 
On the upper end of the stem is a portion of 
a cone h, which exactly fits an opening i in the 
cover of the cylinder, when the floating ball is 
raised by the water. As soon as the air from 
the pipe enters the cylinder and has acquired 
a sufficient density to force the water downwards, 
the float descends with it, and thus leaves an 
opening in the cover through which the air es- 
capes. 

123. Pipes are made of various materials. 
Wood is often used as being the cheapest ; but 
under a great pressure it will be very liable to 
burst ; and if water is to be supplied to a large 
city, it is altogether too perishable a material, in 
a situation where any interruption to the regu- 
lar supply would be an immense evil. Lead is 
generally used for small branch-pipes, and is 
very convenient on account of its flexibility. 
But the pipes which experience seems to point 
out as the best are those of cast iron, and these 
are now almost universally used on lines of im- 
portance. They may be made of any strength, 
will last a very great length of time, and are 
cheaper than any other material possessing the 
same advantages. 

124. The pressure^ which the water exerts 
against the sides of the pipes through which it 
flows, is often very great. It is equal in any 

11 



162 CONTETANCE Ol^WATIBR 

pCMiit to the weight of the column which would 
rise in a vertical pipe at the place in question ; 
that is, of a column whose height would be 
equal to that of the reservoir above this point, 
diminished by the height required to overcome 
the friction between this point and the reservoir. 
(See Articles 163, 164, 165.) 

125. In order to estimate the proper diameter 
to resist a given pressure, we may reason as fol- 
lows. 

Liet r be the inner radius of the 
pipe, and t its thickness, in inches, 
P the pressure upon a square inch 
inside of the pipe, R the tension 
per square inch to which we may 
venture to expose the material of 
which it is made. Suppose the pipe divided by 
a solid partition AB in the direction of its diam- 
eter. This evidently will not change the direc- 
tion or the intensity of the various forces. Now 
it is evident, that in the interior of the pipe the 
whole pressure of the water exerted against this 
partition will be 2 rP. On the other hand, the 
resistance at A and B evidently is 2 ^ R', 
Hence, if we make 

tR' = rP < = ^, 

the thickness t determined by this equation will 




be such that the parts of the pipe will support .« 
teosion equal to /2' on a square inch. 

126. The value of R must be determined by 
experiment. According to Mr. G. Rennie, tbf 
cohesive force of iron cast horizontally is 18,656 
lbs. per square inch, and 19,488 lbs. when cast 
vertically. From some experiments made by 
Captain S. Brown, the cohesive force is 18,637 
lbs. Mr. Tredgold says that cast iron will not 
bear without alteration more than 15,300 lbs. 
per square inch. In general we may observe that 
this material ought not in practice to be subject- 
ed to a strain greater than one fourth of that 
which would produce a rupture.* 

127. In fixing upon the proper thickness for 
pipes, we should bear in mind that, besides the 
pressure to which they are subjected when the 
water is in motion, they are also exposed to violent 
efforts, when the velocity the water has acquired 
meets with a check by a sudden closing of the 
discharging cocks. If made of wood, they are 
exposed to rot. If of lead, they are liable to be 
acted upon chemically by matters contained in 
the earth. If made of iron, they are subject 
more or less to rust, which impairs their strength. 

* Nayier, RSsistanee des Materiaux, 
Tredgold, A practical Essay on the Strength 
of Cast Iron. 
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Before being used, the pipes should be proved by 
means of a forcing-pump, and subjected to a 
pressure at least three times as great as that 
produced by the water which they are to con- 
vey. The greatest head upon the pipes used in 
Paris is about 65 feet, and the pressure by which 
they are proved is 10 atmospheres. 

128. Iron pipes cast horizontally are often 
weaker on the upper side than on the lower. 
When cast vertically, they are more likely to be 
of equal strength throughout. It is well to ex- 
amine them on the very spot where they are to 
be used, as the jolting, to which they are exposed 
during their transportation from the foundery, has 
been sometimes shown by experience to have a 
prejudicial effect upon the most defective parts, 
without however producing any apparent crack. 

129. A question may arise as to the compara- 
tive advantages of employing a single pipe of 
large diameter, or several of a smaller diameter, 
to convey the same quantity of water. In the 
latter case, an accident does not interrupt the 
supply as in the former. 

The quantity of water being determined (Art. 
43) by the formula Q = c y/ V^? >C ^^' 
stead of a single pipe of the diameter D, we wish 
to use a number m of pipes of a smaller diam- 
eter dy we can determine the value of cZ as fol- 
lows. 
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m q =s fn c \/j V^> 

c j^J \/^ =z m c V 7 V^i 

Ifi = m^ d\ 

Suppose m = 2, 

d = J— D = 0.758 D. 

130. If we wish to know the comparative ex- 
pense, we may remark that, according to Article 
125, the thickness increases as the radius or the 
diameter. The circumference increases also as 
the diameter. Hence the section, or the weight, 
which increases as the circumference multiplied 
by the thickness, increases as the square of the 
diameter. Thus, with one pipe, the weight would 
be proportional to D^. With m pipes of the di- 
ameter dy it would be proportional to m (P. The 
expense, being as the weight, would therefore be 
in the two cases bs D^ : mdP. 

But 

Thus the ratio will be 
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« 

or 1 : \/m* 
Suppose m = 2. The expense of a single pipe 
would be to that of two pipes, as 

1 : \/% or 1 : 1.149. 

131. It is highly important that the short 
pipes, of which the conduit is composed, should 
be joined together in the most perfect manner. 
When they are of wood, it may be done in the 
manner shown in figures 5. 6. 7. of Plate I. 
Figure 5. is the most common. The end of one 
pipe is enlarged, and the end of another sharp- 
ened so as to enter into it. The joint is strength- 
ened by an iron strap C. In Figure 6. a ring is 
made sharp at the edges, and enters the butt of 
each pipe. Figure 7. shows another kind of 
joint. With all of them, tow should be care- 
fully stuffed in between the pieces to make them 
tight. 

132. When wooden pipes of considerable di- 
ameter are required, they may be made of staves 
bound with iron hoops. In some instances, 
planks have been bent by steam into the shape 
of rings, and joined together at the edges by 
rings of iron, as shown in Figure 6. This has 
been found to answer very well, and will be very 
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Strong if the wood is carefiilly selected. Lead- 
en pipes are generally connected by soldering. 
Sometimes a flanch or rim is made luound the 
ends, and they are drawn together by means of 
screws, which pass through holes in the rims, m 
piece of soft leather being inserted between 
them. Cast iron pipes may be united in varioas 
ways. Figure 8. represents the manner last 
mentioned for lead, and it has often been used 
for iron. In order to avoid the necessity oi mak- 
ing holes in the rims, the mode shown in Fig- 
ure. 10. has been adopted. When the two parts 
of the collar Jcl, which embraces them^ are 
drawn together by the screws n, the rims, which 
are wedge-shaped, are forced together. These 
joints are very strong, but they do not allow the 
least play, which is a disadvantage. Figure 9. 
shows a more approved mode of connexion. 
The end of one pipe being introduced into an 
enlarged part at the end of the other, tow i» 
first pressed into the opening, and the remamder 
of the space is then filled with melted lead, 
which is compressed by hammering. The best 
mode of stopping up the joint, when lead b to 
be poured in, is by a ring composed of two semi- 
circular pieces, which are connected by a bmga 
at one end, and can be screwed together at the 
Other. This ring b made to clasp the inserted 
pipe close to the joint. The lead b then pour- 
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ed in, and the ring not only prevents it fix)m 
running out, but leaves it with a smooth and 
even surface, so as to render no dressing or chip- 
ping necessary around the joint. This mode 
was used' at Philadelphia. 

133. The contraction and expansion of iron 
pipes, occasioned by variations in temperature, 
would infallibly cause them to break, if means 
were not taken to allow these variations in length 
to take place. When pipes are connected by 
screws in the manner first mentioned, it is neces- 
sary to have at certain distances compensating 
joints, which permit the whole variation of length 
for a considerable distance to produce its effect 
at one place. Figure 1. Plate II. shows suffi- 
ciently the manner in which this may be done. 
The linear dilatation of cast iron for 180° Fah- 
renheit is 0.00111 of its length. As within 
these limits it may be considered as taking place 
uniformly, we may easily calculate, according to 
the probable variations of temperature, and the 
distance apart at which we mean to place these 
compensating joints, what their play must be. 
This mode evidently cannot be adopted when the 
pipes are laid directly in the ground. But if 
they are connected by such a joint as that of 
Figure 9. Plate I., no such compensation is neces- 
sary. The very little play which there may be 
at each joint answers the purpose perfectly well ; 
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and accordingly this has been most commonly 
adopted. The linear dilatation of lead is much 
greater than that of cast iron, being in the pro- 
portion of 28 to 11. On this accomit there is 
much greater reason to fear inconvenience from 
variations in temperature with this metal, than 
with the other ; and in Paris large leaden pipes 
have of late years been replaced by iron. 

134. In order to be able to take out a defec- 
tive pipe, and replace it, which the kind of joint 
last mentioned does not permit, there should be 
at certain distances a butt-joint, covered with a 
ring of considerable width. If two of these 
rings are driven aside, the space between them 
may be taken up and replaced. A broken pipe 
may sometimes be repaired without any interrup- 
tion by means of a covering of sheet-lead, the 
ends of which are screwed tight to the pipe ; or 
by means of two half-cylinders of cast iron, 
screwed together to enclose it. 

135. The most common materials used for 
caulking the joints, are bits of tarred rope, and 
lead. The caulking matter ought to have some 
elasticity, especially where pipes pass under 
streets, otherwise the jarring occasioned by heavy 
carriages produces a bad effect. 

136. M. Gueymard used, for pipes laid at 
Grenoble, a cement which becomes at least as 
hard and compact as good cast iron. Ninety* 



170 CONVETANOE OF .WATER 

eight parts oC cast iron filings, free from oxidar 
tioD, after being ttfied through a coarse sieve^ 
are thoroughly mixed with one part of flour of 
sulphur. One part of common grey sal ammo* 
niss is then dissolved in boiling water and poured 
over the other two ingredients, and the whole 
b well kneaded together. 

The quantity of water should be such as to 
produce a mixture of about the consistence of 
common mortar. This cement disengages a 
great quantity of caloric and of ammonia, and 
should be used immediately. It should only be 
prepared just as it is wanted. When first put 
into the joints, it should be driven in tight with a 
chisel and mallet. It should be left to dry two 
or three days in the open air in summer, and sev* 
en or eight in winter. As it has no elasticity 
and allows no play at the joints, M. Gueymard 
found it necessary to use tow instead of it for a 
good many of them. 

A mixture of linseed oil, tow finely chopped, 
and air-slacked lime, of about the consistence of 
common putty has sometimes been used. 

137. In large cities, where it might often be a 
very serious evil to interrupt the passage of a 
' street in order to repair a leak, the pipes have 
sometimes been carried through small galleries, 
by which means they may at any time be in- 
spected, the defective parts seen immediately, 
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and replaced or repaired. This mode, however, 
18 so expensive, that it will very rarely be used. 
They are sometimes placed in a little channel of 
brick or stone, covered with plank. The dis» 
advantage of this is, that, if there is a leak, the 
water runs off in this channel, so that it is very 
difficult to find the place. 

138. The most common way is, to lay the 
pipes directly in the natural ground. They 
should be placed at least four feet below the sur*- 
&ce, in order to avoid the effect of frost, and 
the jarring to which they are exposed when 
passing under frequented roads or streets. It 
has been remarked in Paris, that the pipes in 
the neighbourhood of the stone-yards, where very 
heavy loads pass firequently, requir^ repairs much 
oftener than anywhere else. 

The pipes being in place, the water should be 
let in upon them, and all the joints examined be« 
lore they are covered. 

139. At various parts of the length of a line 
of pipes, there should be stop-cocks and di»* 
charging cooks. By means of the first, the pa8-> 
sage of the water may be stopped ; while, by the 
second, the water contained in any part of the 
pipes may be let off in order to cleanse or repair 
them. These discharging cocks should be placed 
at the lowest parts of the vertical flexures, and 
there should be a drain or channel by which ths 
water, when let out, may run off. 
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The form of these cocks should be such that, 
when open, they may not offer any obstruction 
to the passage of the water ; and they should 
shut slowly, in order to avoid the effect of a sud- 
den check upon the velocity of the water in mo- 
tion; and, when shut, they should be perfectly 
tight. 

140. On pipes of small diameter a conical 
stop-cock may be used. It is represented by Fig- 
ure 2. Plate II. A cone h h, in which is an open- 
ing of exactly the same diameter as the pipe, 
is turned by means of a lever p in the barrel b. 
By means of the wedge q it is pressed against the 
plate g, and thus against the barrel, as tight as 
may be required. In very large pipes it has 
been found that cocks of this description are dif- 
ficult to work, and liable to break. 

141. Figures 3. and 4. of Plate II. represent 
a very good kind of stop-cock. It consists of a 
plate, which is made to slide up and down by 
means of a vertical screw. This screw and plate 
are in two pieces, so that a slight horizontal mo- 
tion may take place in the latter, and the wa- 
ter presses it tightly against the end of the pipe. 
This answers the purpose perfectly well, and is 
not very expensive. 

142. The following Table of the weight of 
cast iron pipes is taken from "Adcock's Engi- 
neer's Pocket-Book, for the year 1833." 
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CHAPTER VII. 



OF PUMPS. 



143. When there is in the immediate vicinity 
of a city a river or lake, whose waters need only 
to be raised to such a height as to procure a 
sufficient head for their distribution in the most 
elevated quarters of the city, pumps may be 
used with great advantage. Whether the mo- 
tive power be a steam-engine, or a water-wheel, 
or any other which circumstances may render 
preferable, the construction of the pumps is es- 
sentially the same. There are two kinds of 
pumps, the lifting and the forcing pump, which 
we will now proceed to describe. 

144. The lifting pump (Figure 11. Plate I.) is 
composed of a pipe P, in which plays a piston 
furnished with a valve opening upwards. This 
pipe is joined at its lower extremity to a suc- 
tion-pipe S^ as it is called, the end of which is 
plunged into the water. There is at the place in 
which the two pipes unite, and which should be 
very near to the point where the piston stands 
when at its lowest position, another valve also 
opening upwards. The manner in which the pump 
acts is very simple. Suppose in the first place 
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the piston at its lowest position L and both 
valves shut. The water in the surrounding res- 
ervoir is acted upon by the atmospheric pressure, 
and that which is inside the suction-pipe b 
acted upon by the elasticity of the air contained 
in Si so that, the pressure being equal before 
the pump is put into operation, it will stand at 
the same level in the pipe and in the reservoir. 
The piston is now raised to U. A vacuum is 
thus formed between the fixed valve and the 
piston, and the air in S forces the valve open 
and rises till it fills the whole space between U 
and the surface R of the reservoir. This air 
now evidently occupies a greater space than be- 
fore ; therefore its elasticity, and consequently 
its pressure upon the water in the suction-pipe 
are less. But the outward atmospheric pressure 
upon R remains the same. Therefore the water 
must rise in the suction-pipe until the weight of 
the column raised, added to the elasticity of the 
rarefied air above it, may just balance the atmo- 
spheric pressure. The piston is now pushed 
down. As it descends, the lower valve is shut, 
and the air which is above it is forced into a less 
and less space, and therefore its elasticity 
will become continually greater and greater 
until it is sufficient to open the piston-valve 
and escape. 
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On raising the piston a second time, the same 
effect is produced as before. The air above 
the water in the suction-pipe is rarefied still 
more ; its elasticity is diminished, and the water 
rises higher. After a greater or less number of 
strokes, according to the length of the suction- 
pipe and the play of the piston, the water will 
rise above the fixed valve. The piston in de- 
scending will then press the water, which will 
force its way through the piston-valve and rest 
upon it. The next time the piston rises it will 
lift the column of water above \t, and continue 
thus at each stroke to raise a column which in- 
creases in height, until it reaches the outlet at the 
top, or until the force which moves the piston is 
no longer able to overcome the weight of water 
and the friction of the parts. 

145. The water rises in the suction-pipe in 
virtue of the atmospheric pressure, which, in 
a vacuum, would hold up a column about 34 
feet in height. The height of the piston-valve, 
when at the highest point of the stroke, above 
the surface of the water in the well or reservoir 
must, therefore, be less than 34 feet, or the water 
cannot follow it. Generally speaking, it is made 
considerably less, in order to allow for the imper- 
fections in the construction, as it is difficult to 
oiake the piston perfectly tight. 

12 
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• 146. In order to estimate the force necessary 
to move the piston, we may remark, in the first 
place, that, when it descends, we have only to 
exert a sufficient force to overcome the friction 
of the parts, diminished hy the weight of the 
piston and rod. When it rises, it is pressed down 
upon its upper side, by the weight of the column 
of water above it, which we will call W, and the 
atmospheric pressure represented by a column of 
the height If. It is pressed upwards on its under 
side also by the atmospheric pressure transmitted 
fix>m the open surface of the reservoir through the 
water in the pipe, diminished by the weight of 
the water standing in the pipe between the piston 
and the reservoir. Calling this last weight w, 
the upward pressure against the piston is H — w. 
The effort necessary to raise the piston is the 
difference between the pressures on its two sides 
ov (H+ W) — {H— w), equal to W+to; 
that is, the sum of the weights of the column 
above the piston and the column below it. To 
this should be added the force necessary to 
overcome the friction of the parts, and the 
weight of the piston and rod. 

147. The quantity of water raised by each 
stroke, after the pump is in full operation, is 
equal to the area of the piston, multiplied by 
the length of stroke. This supposes, howevei^ 
that a perfect vacuum is formed, and that there 
is no leakage. Generally, from imperfections in 
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the machinery, a less quantity is raised, which 
seldom surpasses the | of this theoretical quan- 
tity. 

148. It may be remarked, that, if the piston 
at the lowest point of its stroke does not reach 
the fixed valve, but stops at a level U' for in- 
stance, it is possible that the pump may fail to 
produce its effect. Suppose for instance after 
one or two strokes, the piston to be at Uj the 
water having risen a certain height A in the 
suction-pipe ; the air in both pipes has the same 
density or elastic force, the lower valve is there- 
fore equally pressed on both sides, and is shut 
by its own weight ; the piston-valve is shut by 
the atmospheric pressure. The piston is now 
pushed down to JJ' ; but, if the rarity of the air 
be such that, when after occupying the space 
lilJ it is forced into the space LiU'^ its density 
is still less than that of the atmosphere, it will 
not open the piston-valve. When the piston 
is next raised and reaches U^ the air resumes 
the elastic force it had before the last stroke, 
and the fixed valve, being equally pressed on 
both sides, also remains shut. Thus we see we 
may move the piston as long as we please, and 
no effect will be produced. 

The height liU'^ suflicient to prevent the op« 
Oration of the pump, may be easily calculated. 
We have seen that the elasticity of the air 
beneath the piston, is equal to the atmospheric 
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pressure due to a height Hy minus the height h 
of the column raised in the pump between the 
piston and the surface of the reservoir, or is 
measured by a height If — A. Calling a the 
area of the piston, and I the distance between 
the fixed valve and the highest point of the 
stroke, the volume of the air in the pipe P, be- 
neath the piston when at £#^ will be la. Call- 
ing I' the stroke of the piston, the volume of 
this air when condensed will be (/ — I) a. Its 
elastic force will be inversely as its volume, or as 
H — h multiplied by the ratio of Z a to (I — I') a. 
In order that it may raise the piston-valve, it is 
necessary that this force should exceed the at- 
mospheric pressure, represented by H, or that 
we should have 

(H-h)la rr 

(I— I) a ^ ^' 
whence we deduce 

/A<Z'fl; or ^<^l. 

As soon as the condition expressed in this 
formula ceases to exist, or whenever the length 
of stroke divided by the greatest height of the 
piston above the fixed valve, is less than the 
quotient of the height to which the lower col- 
umn is raised, divided by the height of the at- 
mospheric column, the pump will cease to work. 
Hence we see the necessity of making the pis- 
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ton descend as nearly as possible to the fixed 
valve. 

149. The forcing pump (Fig. 12. Plate I.) is 
composed of a suction-pipe S^ connected with 
another pipe P in which plays a solid piston. 
At the junction of the two pipes, there is a 
valve V opening upward as in the lifting pump. 
Connected with the upper one of these two pipes 
is a third, near the entrance of which is a valve 
V" also opening upwards. 

When the piston rises, the water is raised in 
the suction-pipe by the excess of atmospheric 
pressure on the surrounding surface of the reser- 
voir, exactly as in the lifting pump. When the 
piston descends, the air cannot pass the piston 
nor escape by the lower valve, but it forces open 
the valve V^ and escapes up the pipe P'. After 
a sufficient number of strokes, the water rises 
and fills the space between the piston and the 
valve V. The piston then descending forces the 
water through the valve T^ into the pipe P^, and 
the same valve shutting as soon as the piston 
rises again, prevents the water from flowing back. 
The succeeding stroke throws an additional quan- 
tity into the pipe, and the column thus raised 
will continue to increase in height until it reaches 
the outlet at the top of the pipe P\ 

150. The remarks in Article 145 with regard 
to the height to which we may raise the piston 
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above the surface jR, apply to this case also ; 
and, from the considerations offered in Article 
148, we see that it will evidently be proper to 
place the opening of the pipe P' as near as pos- 
sible to the fixed valve of the suction-pipe. 

151. In order to estimate the force necessary 
to keep this pump in operation, we may remark 
in the first place that when we attempt to raise 
the piston, the pressure on its upper surface is 
the atmospheric pressure represented by JT, and 
that on its under side is the pressure H minus 
the weight of the column of water h contained 
between it and the surface of the reservoir. The 
difference A of these two pressures, or the weight 
of this column, added to the weight of the pis- 
ton and rod, and the friction, is the measure of 
the force necessary to raise the piston. When 
we push down the piston, on the other hand, the 
pipes P and P^ being both open at top, the at- 
mospheric pressure is the same on both sides of 
the piston, and therefore may be left out of ac- 
count ; and the resistance to be overcome, or the 
measure of the force requisite to move the pis- 
ton, is evidently the weight of the column of 
water in P^ above the level of the piston. To 
this we must add the friction of the parts, dimin- 
ished by the weight of the piston and rod. Thus 
we see a difference in the force necessary to 
work the two kinds of pump we have been con- 
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sidering ; inasmuch as in the first alLthe effort is 
exerted in one direction, namely in raising the 
piston, while in the second it requires a force 
alternately upward and downward. 

152. As in all machines of this nature there is 
an advantage in applying as far as possible the same 
amount of power uniformly, we may remark, that, 
if the water is to be raised by a pump of the lat- 
ter description to a height above the reservoir 
less than twice the height due to atmospheric 
pressure, we can make such an arrangement that 
the same force will be necessary to move the 
piston in either direction. For, if the valve V 
be placed at such a height, that the middle of the 
stroke of the piston shall be half way between 
the surface of the reservoir and the level at 
which the water is delivered, there will evident- 
ly be the same weight of water to overcome as it 
moves either up or down. 

153. We see here an advantage in the forcing 
pump above the other, in our being able to raise 
water to a given height with a less force. For 
if, with a lifting pump, we are to raise water 50 
feet for instance, we shall be obliged at each 
stroke, according to Article 146, to raise a col* 
uron of 50 feet in height. But with a forcing 
pump, supposing a 4 feet stroke, the greatest 
force necessary to use, either in raising or lower- 
ing the piston, need be only sufficient to raise a 
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column of 37 feet. We suppose the frictioo to 
be the same in both cases, and therefore leave it 
out of account in the comparison. The weight 
of the piston being small, we have neglected it. 

154. In order to render the motion of the 
water in the pipe P' more regular, it is custom- 
ary to connect with it an air vessel M. When 
the water is forced into this pipe, the air in M 
is condensed by the pressure, and when the 
valve shuts again while the piston is rising, the 
condensed air reacts by its elasticity upon the 
water, and forces the stream to continue to flow. 

155. The moving force to be employed to 
raise water in pumps will vary according to local 
circumstances. If the stream of water whence 
the supply is taken be of sufficient force, the use 
of a water-wheel would seem the most simple 
and economical. Windmills have sometimes 
been used, especially in Holland, but can only 
answer the purpose of an occasional supply, on 
account of their irregularities and interruptions. 
Steam is perhaps the agent most universally ap- 
plied at the present day, where large quantities 
are to be raised constantly. Of course this is 
not the place to enlarge upon the construction 
of this kind of machinery, for which particular 
treatises upon steam or water power should be 
consulted. Yet it seems proper to give some 
account of the comparative results obtained in 
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difierent instances by these various machines, 
in order that we may possess some data whereby 
to determine their relative expense and expe- 
diency. 

156. An experiment tried by Mr. Andersonj 
in order to estimate the work of the steam-en- 
gines used at the Chelsea Water- Works, by the 
Grand Junction Company, gave the following 
results. * 
In 12 houi-s, the water in one of the Paddington 

reservoirs is raised 21 inches. 
The surface of the reservoir at that level is 

157,400 square feet. 
Thus the volume of water furnished in that time 

is 275,450 cubic feet. 
The height to which the water is raised is 100 

feet ; and it is conveyed to the reservoir by a 

conduit 15,240 feet in length. 
The mean diameter of the conduit is 25^ inches. 
The machine is one of Boulton and Watt's, 

and of 100 horse power. The quantity of 

coals consumed in 12 hours is 77 bushels. 

In order to estimate the work of this en- 
gine, we may remark, that it not only raises the 
above quantity of water 100 feet, but it commu- 
nicates to it an impulse sufficient to overcome the 

* Genieys. Essai sur les Moyens de conduire, 
d'elever, et de distribuer les Eaux. 
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resbtance of the pipe, and to dri^e the water 
through it with its actual velocity of 1.799 foot 
pciT second ; which we can deduce from the dis- 
charge and the section of the pipe. We ought, 
therefore, for the whole amount of the work per- 
formed by the engine, to take not only 275,450 
cubic feet raised 100 feet, but suppose this whole 
quantity raised, in addition to the 100 feet, such 
a height as would be requisite to produce in the 
pipe the actual velocity. 

Using the formula of Article 36, 

V = 48.53 A^TXt, 

X 

we have v = 1.793, D = 2.125, x = 15,240; 

nence^ - (48.53)-^/> "" (48.53)2(2.125) ""''•'^ 

We can estimate the work of this engine there- 
fore at 275,450 cubic feet or 275,450 X 62.5 
= 17,215,624 lbs. raised 109.84 feet by 77 
bushels of coals, or 24,558,000 lbs. raised one 
foot by one bushel. 

Perhaps the best information to be obtained 
with respect to the work performed by large en- 
gines, is that contained in the reports of Messrs. 
Thomas and John Lean. * The proprietors of 

— I ^ 

* Nicholson's Operative Mechanic. Rees's Cy- 
clopaedia, art. Steam- Engine, 
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the different mmes in Cornwall, being much in- 
terested in determining the comparative excel- 
lence of the engines there used for raising water, 
appointed them to make a monthly report on the 
performance of the various engines, giving them 
all possible facilities for doing it accurately. 

These reports were begun in August, 181 !• 
In December, 1812, the average performance of 
12 engines was 17,075,000 lbs. raised one foot 
high by one bushel of coals. 
In December, 1812, the average performance of 

19 engines was 18,200,000 lbs. 
In December, 1813, the average performance of 

29 engines was 20,162,000 lbs. 
In December, 1814, the average performance of 

29 engines was 19,784,276 lbs. 
In March, 1815, the average performance of 

34 engines was 20,766,820 lbs. 
In 1816 the three best engines were 

(1.) Stray Park. A 63 inch cylinder, 7 feet 
9 inches stroke, single acting. The pressure on 
a square inch of piston 9 lbs. Its perform- 
ance in four different months was 31,000,000 
lbs., 31,250,000 lbs., 28,000,000 lbs., and 
28,500,000 lbs., raised one foot by each bushel 
of coals. 

(2.) Wheal Abraham mine. A single engine, 
63 inch cylinder, working an 8 feet 3 inches 
stroke, under a pressure of 9.4 lbs. per square 
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inch of piston. Its produce was 22,000,000 lbs., 
29,250,000 lbs., and 32,000,000 lbs., raised one 
foot by a bushel of coals. 

Another month, when the same engine was 
working with 7.9 lbs. on a square inch, its pro- 
duce was 23,318,860 lbs. 

(3.) Oatfield new engine. A 70 inch cylin- 
der, 8 feet 6 inches stroke, 9.9 lbs. pressure. 
The performance in four different months was 
22,500,000 lbs., 26,500,000 lbs., 29,000,000 lbs., 
and 29,000,000 lbs., raised one foot high by a 
bushel of coals. 

The abovementioned engines are Boulton and 
Watt's. 

The performance of WoolPs engines is greater. 

The engine at Wheal Vor has a great cylin- 
der of 53 inches diameter, and 9 feet stroke ; 
and the small cylinder is about one fifth of the 
contents of the great one. The pressure is 14.1 
lbs. per square inch on the surface of the great 
piston, and it makes 7.6 strokes in a minute. In 
March, 1816, its performance was 48,432,702 
lbs. ; in April, 44,000,000 lbs. ; in May, 
49,500,000 lbs. ; in June, 43,000,000 lbs., 
raised one foot by one bushel of coals. 

The engine at Wheal Abraham mine has a 
great cylinder of 45 inches diameter, working 
with a 7 feet stroke, and 15.1 lbs. pressure. Its 
performance during the above four months was 
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50,000,000 lbs., 50,903,000 lbs., 56,917,312 
lbs., and 51,500,000 lbs., raised one foot by one 
bushel of coals. 

There are also in use at these mines several 
enormous double engines, with cylinders of 66 
and 65 inches, and four of 63 inches. The best 
of these appears to be on the Williams' mine ; 
cylinder 65 inches diameter, stroke 8 feet 9 in- 
ches under a pressure of 16.6 lbs. per square 
inch. It works ten pumps. Its performance in 
June, 1816, was 30,074,507 lbs., raised one foot 
high by one bushel of coals. All the other 
double engines are less. One of the 63 inch 
cylinders raises 27 millions ; the others 25, 22, 
21, and even 17 millions. 

157. According to a Report made by M. de 
Prony on the two engines at the Gros Caillou 
in Paris, the first, which is on Watt's plan, raises 
11,720,700 lbs. one foot high with one bushel of 
coals ; and the second, which is on WooIPs plan, 
raises 13,410,000 lbs. The performance of a 
high-pressure engine which raises water at the 
town of B^ziers, as given by M. Mafire, is 
11,553,000 lbs. In the last three cases the num- 
bers given express the useful effect of the en- 
gines, or the quantity of water actually raised 
and discharged, the friction, loss by leakage, &c. 
being excluded. The work of the English en- 
gines is estimated by multiplying the section of 
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the pumps by the height of the column of water 
in them, and by the length of stroke, and calling 
this the quantity raised at each stroke. But, 
owing to unavoidable imperfections in the ma- 
chioery, the actual performance will always be 
less than this. 

At the Philadelphia Water- Works, according 
to a report made by the Watering Committee in 
1824, three millions and three quarters of gal- 
lons were raised 92 feet per day, at a daily ex- 
pense of ^4.00 exclusive of interest and wear 
of machinery. This is equivalent to 13,839,841 
cubic feet raised 1 foot for one dollar. 
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CHAPTER VIII. 

RESERVOIRS, AND PIPES FOR DISTRIBUTING 

WATER. 

158. The reservoirs, from which the water is 
to be distributed to different parts of the city, 
should be of sufficient size to contain a full sup- 
ply for a number of days. This will prevent the 
risk of interruption in case of accidents, and al- 
low the water time to deposit the matters it holds 
in suspension. If the supply be originally taken 
firom a river, it will be liable at some seasons of 
the year to be very much loaded with impurities ; 
and it is important to have, in connection with the 
reservoirs, filtering beds, by means of which it 
may be cleansed of them, before it is introduced 
into the distributing pipes. 

159. These beds have been constructed on a 
very extensive scale in England. Brando's 
Journal ofSciencCy Vol. XXVII. (1829), con- 
tains the following account of those used by the 
Chelsea Water-Works Company, given on the 
authority of Mr. Simpson, their engineer. 

^' The pond which contains the filter bed is 44 
feet square at top and 26 at bottom, 6 feet deep. 
After the pond was made water-tight, with a 
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drain through the pond to the well, the bottom 
was covered with coarse gravel, in which drains 
were built without any cement between the joints 
of the bricks ; they were covered with coarse 
gravel and then with finer gravel, with coarse 
sand and finer sand, until the strata of gravel and 
sand were each two feet thick, both gravel and 
sand having been selected with great care and 
well washed. The reservoirs were each 32 feet 
square at top, 20 feet at bottom, and 4 feet deep ; 
the low-water line of them being level with the 
high-water line of the filter bed. The reservoirs 
were worked alternately on to the filler bed, and 
it was regulated to filter 12,000 cubic feet of 
water every 24 hours, and the water was remark- 
ably pure and limpid after it had passed the bed. 
" The silt which was stopped on the bed, was 
regularly cleaned off with a portion of the sand 
every 14 days. The principle of the action de- 
pends upon the strata of filtering material being 
finest at the top, the interstices being more mi- 
nute in the fine sand than the strata below ; and 
the silt, as its progress is arrested (while the wa- 
ter passes from it), renders the interstices be- 
tween the particles of sand still more minute, and 
the bed generally produces better water when it is 
pretty well covered with silt, than at any other 
time. The* silt has never been found to pene- 
trate into the sand more than three inches, the 
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greatest portion being always stopped within the 
top half-inch of the sand ; and in cleansing the 
silt off, it has never been found necessary to 
scrape any more of the sand off with the silt 
than the first half-inch depth, and sometimes 
only half that depth was required. There are 
small air-pipes from the drains to prevent injury 
to them or the filtering materials by condensation 
or otherwise. 

" The large filter bed at Chelsea has a surface 
of nearly one acre on precisely the same princi- 
ple. It is of sufficient capacity to filter 500,000 
cubic feet every 24 hours ; it is working with 
the greatest success during this inclement sea- 
son, and, although the water on the bed is this 
day covered with ice five inches thick, it does not 
impede the filtering process." 

160. The filtering beds of the Greenock Wa- 
ter-Works, constructed by Mr. Robert Thpm, 
Civil Engineer, have an advantage in the facility 
with which they are cleansed. They are 50 
feet long, 12 wide, and 8 deep. The filtering 
medium is a bed of clear, fine sand about 5 feet 
thick ; and the construction is such that the wa- 
ter may be let in either above or below it. 

When the bed has been some time in use, with 
the water working downward, and begins to be 
so clogged with foreign matters that the discharge 
is considerably diminished, as must always be 

13 
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the case whatever be the medium, the water is 
introduced undemeath it ; and, exerting a very 
considerable upward pressure, it forces its way 
through the bed, carrying off the foreign mat- 
ters which cover it, through a discharging outlet. 
If the filter bed has been usually worked by let- 
ting in the water beneath it, it is cleansed in a sim- 
ilar manner, by changing the direction and ad- 
mitting the water above it. In either case the 
sediment is carried off, and the filter able to work 
again in an hour.* 

161. We have seen (Chapter 11.) that the for- 

mula Q = c Ifi represents the re- 
lation between the discharge, the head, the 
length, and the diameter of a pipe, in the case 
of uniform motion. But when the water is to be 
distributed from a reservoir into the premises of 
individuals, the conditions of the problem are 
evidently no longer the same. We then seek to 
determine the motion in a system of pipes of 
different sizes, supplied by means of main pipes, 
fi*om which they branch off in various directions. 
The manner of considering this question, and of 
putting it into an algebraical form, is taken from 
the work of M. Genieys. 

* Annales des Fonts et Chaussees. 1831. 
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163. Let us first begin by analysing the phe- 
nomenon of the motion in a single pipe. 

The water is kept in motion by the head upon 
the upper orifice, and the weight of that portion 
which is contained in the descending parts of 
the pipe, diminished by the portion of the bead 
absorbed in overcoming the friction against the 
sides, and by the weight of the water in the as- 
cending parts of the pipe, or above the discharg- 
ing orifice. 

We may consider, then, the moving force as 
constantly divided into three parts. The first 
produces the velocity of the water in the pipe ; 
the second overcomes the friction against the 
sides, the third surmounts the resistance produced 
by the weight of that part which acts in a con- 
trary direction to the motion. 

It is this third part, which principally deter- 
mines a pressure against the sides of the pipe. 
It is hardly any thing in rivers and open canals, 
where the whole moving force may be considered 
as employed in communicating the velocity, and 
in overcoming the friction against the sides ; 
but in pipes it may be very considerable, and it 
is this which makes the water flow through a 
branch pipe, although the discharging orifice may 
be higher than the point of its junction with the 
main. 
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163. This will perhaps be more clearly shown 
by a figure. Suppose a pipe like that represent- 




ed in CABy AB being horizontal and AC ver- 
tical. The water in AB has of itself no tend- 
ency to move ; but when pressed by the column 
ACy it moves with a certain velocity v due to a 
height A. If this water met with no resistance 
whatsoever in its passage, it is evident that it 
would flow with a velocity V due to the height 
H =z AC. The fact that it does not, shows that 
there is a resistance, and the height A' = H — A 
represents the column necessary to overcome this 
resistance. We may then, if we please, regard 
the pipe DAB as a machine ; the friction is a 
force acting in the direction BA, and the weight 
of the column h' is a force acting in the direction 
AB, and these forces exactly balance each 
otheri The column A acts moreover at one end 
of the machine, and transmits by means of it the 
pressure which produces the velocity v at the 
extremity B, 
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The impelling force represented by h' being 
now in equilibrium with the resistance or friction, 
we can easily ascertain the pressure in any part 
of the pipe AB. Take a section at M. The 
force acting from jB to ^ is the friction on the 
length MB, which we shall call F (MB). The 
pressure P, acting in a contrary direction, to be 
in equilibrium must be equal to it. Hence at M 
we have P = F{MB). . At My the force act- 
ing from jB to -4 is the friction on M B or 
F{MB). The pressure being P' is P' = 
F(MB) and so on. Now, the resistance which 
we are considering being proportional to the 
length of the jpipe, or to the distance from the 
extremity JB', and being moreover evidently no- 
thing at B and equal to A^ at ^ ''^ ; if we draw a 
straight line from D to JB, it is evident that the 
ordinates MN, MN' will represent for any 
point My M &c. the height of the column ne- 
cessary to overcome the friction between that 
point and the extremity, or the pressure at the 
point in question. Thus if at M or M we make 
an opening in the pipe AB and erect a vertical 
pipe, the water must rise in it to the height MZV, 
or MN'. 



* We neglect here the small friction in the ver- 
tical part AC. 
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164. It will be readily admitted that if we sub- 
stitute for DAB a regularly inclined pipe DB^ 




there will be no pressure in this pipe. For ev- 
ery foot of its length has a fall just sufficient to 
overcome the friction for that length ; and we 
shall not alter the motion by increasing the length 
indefinitely. At any section N^ of this new 
pipe, the water contained between N^ and B 
does not exert any eflTort from B towards D, 
and the whole of the fall h'^ from D to N' is 
employed in overcoming the friction, and there is 
none left to produce a pressure. If we insert a pipe 
upon D.B, the water therefore will not rise in it. 
165. Let us now take a third pipe DAEB^ 
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in which there is an ascending part^ as is much 
the most common case in practice. 

We have here, as before, CD or h employed 
to produce the velocity at JS, and the rest of the 
impelling force h^ is employed to overcome the 
resistance. 

We will suppose, as will almost always be the 
case in practice, that any lengths measured on the 
axis of the pipe, are proportional to the corre- 
sponding lengths measured horizontally between 
one extremity and the other ; or in other words, 
that it will take about as much pipe to lay a 
mile in one part of the line as in another. This 
being the case, the height required to overcome 
the friction from D to B being A', that re- 
quired to overcome the friction from D to any 
intermediate point Ey being to h' in the propor- 
tion of ED to BD or of HD to ID^ is evident- 
ly equal to IG, Thus at any point of the pipe 
DEB raising a vertical line, that part of it in- 
cluded between the horizontal DH and the line 
DB, will be the head required to overcome the 
fiiction from the upper extremity to the point in 
question ; and the part included between the in- 
clined line DB and the pipe, will represent the 
pressure, or the height to which the water would 
rise in a vertical tube. Of this, the part GF 
overcomes the remainder of the friction from E 
to JS, and FE the weight of the water which 
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tends to flow back in the same part EB of the 
pipe. 

166. In the case of a single pipe, neglecdog 
the very small height requisite to produce the velo- 
city, we have supposed that the height of the col- 
umn which would measure the pressure, was equal 
to the head upon the upper extremity. It would 
seem natural enough to make the same hypoth- 
esis in the case of branch pipes, and to suppose 
that the pressure at tbeir origin is the same as 
that in the main pipe at the same point, or has 
for its measure the height to which the water in 
the main pipe would rise in a vertical tube. If 
this hypothesis is admissible, the phenomenon of 
the motion may be determined. 

167. In order to ascertain this important point, 
M. Genieys, M. Belanger, and M. Mallet com- 
menced a series of experiments; and the result 
was, that the pressure at the extremity of the 
branch pipe was less than that in the main, by a 
certain quantity represented by a height equal 
to three times that due to the velocity of the 
water in the branch. Thus the velocity in the 
branch pipe being 0.847 metre per second, due to 
a height 0.036569 metre, the pressure at its ori- 
gin was less by 0.12, or nearly 3 X 0.036569, 
than in the main. Again the velocity in the 
branch pipe being 1.003 metre, which is due 
to a height of 0.05128 metre, the difference of 
pressure was 0.153, or nearly 3 X 0.05128. 
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The same experiments, having been repeated 
with various velocities, gave constantly the same 
results ; and it was thence concluded that for 
velocities between 0.20 metre and 1 metre or 
between 0.66 foot and 3.28 feet, the pressure in 
the main pipe may, in our calculations, be taken 
for that at the ori6ce of the branch, at the place 
of its insertion, provided that we finally add to 
the necessary head of water in the reservoir 
which produces the motion in the first instance, 
three times the height due to the velocity in the 
branch, or the quantity lost at the passage from 
a main to a branch. 

168. This being premised, we shall now pro- 
ceed to find formulae for the motion of water in 
a system of main and branch pipes. 

Let Q be the quan- 
tity which the 
main pipe is to 
discharge per 
second, in its 
upper portion, 
or above the 
first branch. 
D the diameter of 

the main ; 
L its length. 

X« - 1 the length 
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of pipe between two successive branches ; 

so thati = X + X'4-X''+r' +X»-^ 

Z the difference of level between the water in 

the reservoir and the begmning of the first 

branch. 
Zf, Z^ Z" Z«-S the differences of level 

between the successive branches. 
B!, B!\ B!" JEf « the height of the col- 

umn of water representing the htad at the 

origin of each branch, or the pressure against 

the sides of the main pipe. 



... 



g/'', d'[\ V'\ zf", . . . 



for each branch pipe 
the corresponding ele- 
ments to Q, D, i, Zf 
In the main. 



c = a constant coefficient. 

Considering in succession each part of the 
pipe, we shall have 



Q = cJ 



z—w 



I>5 (1) ; 



^' = ']^^'^' (2); 

9" = c ^'±-^ d'^ (4); 
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making in all 2n equations, m which the indeter- 
minate quantities are 

D d' d" d'" . . . . d^y 

H'H'H" HV 

But we can easily eliminate the quantities S^ 
gy/ jjiii ^ . . jH*. For, by combining succes- 
sively the equations (1) and (3), (1), (3) and 
(5) &c., we shall have 

^A + (Q — 5r09A'= <^I>6(Z+Z' — H'O . . (jJ) ; 
Q8 A + (Q_5r/)9 x\ + (Q«. ^/ «.^/^2 A/' = c8 1)6 (Z+ Z' 

+ Z" — H'") (^0; 



i«-l = c9 2>5(Z+Z'...+Zi»-l— H»). 

Moreover, from the equations (1) and (2), (4) 
and {A), (6) and {A') fcc, we shall obtain 

QSA d'5 + ^« i/ 1>5 = c8 i)« d'5 (Z— 20 (B) 5 

(Q2 A + (Q— yO^ ^0 d"5+ ^"2 in D& = <^ 2>5 d^S (Z + Z' 

-if") (BO; 

<i«5+ym9 Z»2>5 = c9 1)6 d«5(Z+ Z' . . . + Z« - 1 — *»). 

Thus we have at last n equations between n + 1 
undetermined quantities D, d', d"y d'" . . . . ci*. 
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169. It would not be sufficient to fix upon a 
certain value for one of the quantities Dy i'^ 
d" . . . d», in order to solve the question ; for we 
should often find imaginary expressions for the 
other quantities. 

To make this clearer^ let us find by means of 
the equations jB, B\ B"y &c. the values of d', 
rf^ d''' .. .d\ We have 

"" c^D^{Z -\- Z—z") — {QLH-\-{Q—q')^xy 

»j^_, qnSiln D* 

e8l>5(Z+Z' . . . +Zn -1— zn)_ ( Q2;i+( Q-_^^)2A/+ . . . 



(Q — y' . . . — g«- 1)2 Xn- 1). 

Now, in order that we may have values of d'^ 
d" &c. applicable to the question, these denom- 
inators must all be positive, or we must have, in 
general, 

_j/)n' + ...(Q — J^... — y"-i)2A«-i. 
This condition limits very much the number of 
values which we may give to JO. 

170. We have hitherto supposed that the lev- 
el of the reservoir which produces the head, is 
constant. When the reservoir is filled by means 
of a canal or pipes bringing water from a dis- 
tance by means of a sufficient fall, this will 
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generally be the case. But if the water is 
pumped up into the reservoir, the level may 
be variable, and another indeterminate quantity 
is introduced' into the problem. In this case the 

n equations (JB) {B') {B") (B») do not 

change, but they contain n -{- 2 indeterminate 
quantities, 

D, rf^ d'', df" d* and Z. 

171. If we wish to know the values of fl?, 
jjti^ jjin ^ £fn^ which give the head or pres- 
sure at the origin of each branch, we shall find 
them by means of the equations (1) (-4) (-4') . . 
&c. From these we deduce 

H- -Z I Z^ Q^^ + iQ-9r^\ 

H'''=zZ+ Z + Z' 

C2 1>5 . 



jff* = Z + 2? +Z' + Z»-i 

These equations show, that, when Q, j', y'' . . . 
9*"S h A', X'' . . . Z, Z', Z' . . . remain the 
same, JEP, IP', £P^^ .... and D augment and 
diminish simultaneously. 



206 BESERVOIRS, AITD PIPES 

172. Finally, v being the velocity of the wa- 
ter in a pipe whose diameter is Dj and Q the 
discharge per second, g the velocity which grav- 
ity imparts at the end of a second, h being the 
height due to the velocity v, and n =: 3.1415926, 
we have 

A = 2^ = 0.015537 i^. 

By means of these equations we can calculate 
the velocity and the height to which it is due, 
when the diameter has been determined. 

173. We will now show by an example the 
manner of applying the preceding formulae. 

We will suppose a main pipe leading from a 
reservoir, and passing through the centre of the 
quarter of the city which it is to supply. With 
this pipe are connected tea branches, which run 
in various directions, passing through the adjoin- 
ing streets ; and from these branch pipes, smaller 
pipes convey the water into the private dwellings. 
The quantity of water to be furnished is 20,000 
cubic feet in 24 hours, or 124,642 gallons. We 
will suppose moreover, for greater security and 
for more simplicity in our calculations, that all 
the water which enters a branch pipe is discharg- 
ed at its extremity ; for it is evident, that, if the 
diameter and direction of the pipe are so deter- 
mined that this condition may be fulfilled, they 
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will certainly answer for the case where the wa- 
ter is successively drawn from the pipe at various 
points of its length. 

We will call moreover the point, at which these 
branch pipes discharge, 20 feet above a certain 
assumed base ; and suppose that the origin of the 
first branch is 10 feet above the same base. The 
question is, what must be the height of the res- 
ervoir, and what the diameter of the several 
pipes. 

174. In Table I. we have arranged in order 
the several data of the question, and from it we 
can easily calculate Table II, 

TABLE I. 





Lengths in- 










tercepted or 










values of Xt 




Lengths 


Discharge 


Main Pipe. 


X', X", . . . 


Branch 


li Z", liu 


in 24 




between the 


ripes. 


l'\ 


hoars. 




snccessive 








a 


branches. 










feet. 




feet. 


cub. feet. 


Reservoir to Branch I 


300 


I 


560= i' 


1780 


Branch I to II 


150 


II 


1200= ««« 


3370 


II to III 


260 


III 


670= 2«" 


1300 


III to IV 


340 


IV 


890= Z«^ 


1560 


IVtoV 


525 


V 


900= Z^ 


2500 


VtoVI 


600 


VI 


200=/^' 


600 


VI to VII 


230 


VII 


678= ^»« 


1790 


VII to VIII 


210 


VlII 


940= /▼»" 


2400 


VIII to IX 


497 


IX 


1100= i" 


2900 


IXtoX 


360 
3472=L 


X 


700= Z» 


1800 


7838 


20000 
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TABLE II. 



No. of 
branch 



I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 



Discharge 
in 24 
hoars. 



cab. feet. 
1780 
3370 
1300 
1560 
2500 
600 
1790 
2400 
2900 
1800 



20000 



Discharge 
per second. 



0.020602: 

0.039005= 

0.015046 : 

0.018056: 

0.028935: 

0.006944 : 

0.020718 

0.027777; 

0.033565: 

0.020833 



qi 

9" 
.gill 

qir 

qy 

:qyi 

-.qix 
qx 



0.231481 



quit &c. 



0J231481 
0.210879 
0.171874 
0.156828 
0.138772 
0.109837 
0.102893 
0.082175 
0.054398 
0.020833 




A", &.C. 



16.075 
6.670 
7.680 
8.362 

10.110 
7.239 
2.435 
1.418 
1.471 
0.156 



(Qr^qiYXi 
-{- &c 



16.075 
22.745 
30.425 
38.787 
48 897 
56.136 
58.571 
59.989 
61.460 
61.616 



175. The general equation which gives the 
value of the diameter is (Art. 169) 

^^ 9»2 In Z)5 



Now Z' + Z" + Z'' . . . + Z«-i — ;^», as 
may be seen by the Figure, is evidently equal to 
the difference of level between the origin of the 
first branch, and the point at which the branches 
discharge ; or is equal to 10 — 20 = — 10. 
Moreover, in order to be on the safe side, we 
shall take for c its least value given in Article 39, 
or c = 33.094. 

Substituting these values in the above equa- 
tion, it becomes 



I?»6=, 
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(33.094)«2>5(Z— 10) — (<2''A + (Q — 3')U'+ . . . + 

We can now obtain the diameter of any branch 
pipe, No. X. for instance, by substituting in this 
equation for y% l^^ q^x+ {Q^ — q'Y A' + . . . 
+ (Q _ y/ _ 5^/ . . . . — q'^y X", their val- 
ues taken from Tables L and II. Thus we shall 
have 

^ — (33.094)3 1>5 (^_ 10) — 61.016 ^^^* 

176. In this equation we may fix upon any 
value for D or for JZT, provided that when one of 
them is determined, the other shall be such as to 
render the denominator positive. We will sup- 
pose various values for D, and see what corre- 
sponding values of Z would make the denomina- 
tor equal to zero. 

We shall find * 

D = 0.20^- 0.30 0.40 0.50 0.60 
Z z= 185.810 33.152 15.494 11.800 10.723. 

We see by this Table that the requisite head 
increases in a very rapid ratio as we diminish D. 
Thus if D = 0.20, Z being 185.810, the level 

♦ (38.0M)2 i>5 (Z— lO) = 61.«16 ; 



^ 61.616 . 
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of the surface of the reservoir roust be some- 
thing more than 195.810 above the assumed 
base. And from such an excessive height^ inde- 
pendently of the difficulty of placing a reservoir 
there, the velocity in the branch pipes would be- 
come enormous, and their diameters would con- 
sequently have to be smaller than would be con- 
venient in practice. 

Let us suppose then D = 0.40. Then, in 
order that the denominator of the formula may 
remain positive, it is only necessary to give to Z 
a value a little greater than 15.494. We will 
call it 2r = 16, in which case the surface of the 
water in the reservoir will stand at 16 + 10 =: 26 
feet above our base. 

177. If we now substitute in the formula (C) 
the values 0.40 and 16 for D and 2^ respectively, 
we shall find the diameter d^ ; 

,,5 _ _ ( 0.020833)2 700 (0.40)5 ^ 0.003111 , 
(33.094)2 (0.40)5 6 _ 61.616 "" 5.674 ' 

d^ = 0.223 feet. 

We can now find from a similar equation the val- 
ues of d", ^'", d^", . . . &c., retaining always 
for D and Z the same values as above. 

^1x5 -. (0.033565)2 1100(0.40)5 __ 0.012690 
"" (33.094)2 (0.40)5 6 — 61.460 "" 5.83 ' 

d« = 0.293. 

The following Table contains the results of 
these calculations, and also the velocities in the 
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D and braach pipes, calculated by the formula 
: 1.2732 -^ (Art. 172.) 



TABLE IIL 



Bruebn 




....... 


bl^cbU. 






I 


d- 


feet. 
= 0-137 


1.40{i 


1.843 




II 


i" 


= o.aii 


1.114 


1.G78 


Tbe velocity ia 
the main pipe di- 

ly.BiDoeitconvejs 
leas aodleBB water 
after passing each 
branch pipe luc- 
ceaaiyely. The di- 


m 


d'- 


= 0.130 


J, 042 


1.367 


IV 


d" 


= 0.1fiO 


0.900 


1.348 


V 


J' 


= 0^11 


0.826 


1.104 


VI 


d" 


= o.oda 


0.93=1 


0.b74 


VII 


di" 


= 0^3 


0.642 


0.B19 


VIII 


d"' 




0.557 


0.654 


JX 


d" 


= o!s93 


0.496 


0.433 


X 


d' 


= 0.!ai3 


0.535 


0.166 


ameter ii 0.40. 



178. We have now determined the proper 
height of the surface of tbe water in the reser- 
voir, and the diameter of the main and secoodarjr 
pipes. But in our calculations we hare regarded 
the head or pressure upon the orifice of the 
Iwauch pipe, as equal to that in the main, at the 
part adjoining. We must therefore make the 
correction spoken of in Article 167, and add to 
the height of the reservoir, for each change of 
direction, or passage from one pipe to another, 
three times the height due to the velocity. We 
should not be satisfied, however, with merely giv- 
mg to our pipes the dimensioDS determined by 
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the foregoing methods, but should make them 
somewhat larger. Tet by means of the last 
Table, we can get a pretty correct idea of their 
comparative size, which will enable us to distrib- 
ute whatever extra dimensions and strength we 
are willing to allow, in the most judicious man- 
ner. 

With regard to air-cocks and stop-cocks, what 
we have said in Chapter VI. will be sufficient, 
without adding any thing more upon the subject 
here. 
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CHAPTER IX. 



pipes of different diameters^ and jbt8 

d'eau. 

179. If we have a pipe composed of several 
parts of different diameters, we can easily deduce 
the law of the motion of the water flowing 
through it from the formula of Article 35. 

Let there be, for instance, two parts. Let t/, 
D'f l^f l\ be the velocity, diameter, fall, and 
length belonging to the first part, and «'', !>'', C^^ 
M' the corresponding elements for the second 
part. We have 

and 

The whole head, or difference of level between 
the extremities of the whole conduit, is 

r + r = f. 
From the first equation abovCi we deduce 

From the second we deduce 
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If the first pipe had been used, we should have 
had 

D = 1, A = 10,000, f = 20, y = ^ = 0.002, 

1 Bj = ^^ = 0.0005000. 

The Table of Article 44 shows us that this cor- 
responds to t; = 2.09, which would therefore be 
the velocity. Hence 

Q = J X 2.09 = 1.6415. 

If the second pipe had been used, we should 
have had 

D = 0.83, I = 10,000, f = 20, j = 0.002, 

i Bj = 0.83 X 0.0005 = 0.0004150; 

and the Table gives us for the velocity v = 1.90. 
Hence 

Q = J (0.83)2 X 1.90 = 1.0280. 

If the third pipe had been used, we should 
have had 

D = 0.75, X = 10,000, c = 20, j = 0.002, 

1 Dj == 0.75 X 0.0005 = 0.0003750 ; 

and the Table gives v = 1.80. 
Hence 

Q = ^ (0.75)2 X 1.80 = 0.7952. 
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183. We thus see, that a pipe consisting of 
parts of different diameters, supposing them of 
considerable length, will discharge more than a 
continued pipe of the smallest diameter; and 
this seems a reasonable supposition d priori, 
since in the part where the diameter is greater, 
there is less friction, and consequently less resis** 
tance to the motion, than if the small pipe were 
continued. Yet it is true, according to the re- 
mark in Article 46, that a number of sudden en-* 
largements, after which the section is again re- 
duced, are a disadvantage and diminish the dis- 
charge. 

184. If, in the equation of Article 180, we ne- 
glect the term containing the first power of «', 
which we may generally do unless the velocity 
be very small, we shall have 



or Z =z Bv^i whence 



^=ji. 



a much simpler expression. 

Applying this formula to the example of Arti- 
cle 181, we shall have 

~>| 13.08896 — "*'^' 
and 

Q = ^ = 0.9731. 
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185. In situations where ornament is desirable, 
as well as use, the water, instead of being simply 
discharged into a reservoir from the midst of a 
horizontal conduit, is sometimes made to rise 
from the centre of the basin in a vertical jet. 
Besides the delightful freshness which it thus im- 
parts to the surrounding air, its brilliant reflection 
of light and the sprightliness of its motion render 
it one of the most beautiful objects that can be 
imagined. 

The conditions to be fulfilled, in order to pro- 
duce a jet of a given size and height, are easily 
determined. The first is, that the water, as it 
passes the orifice, may have the velocity due to 
the height to which it is to rise vertically ; the 
second, that the conduit may supply exactly the 
quantity which the jet discharges. 

The first condition shows us what the discharge 
must be, the section of the jet and its velocity, 
deduced from the height, being both known. 
The second condition requires, that the velocity 
in the pipe should be to that at the beginning of 
the jet inversely as the section of the pipe is to 
that of the jet. Fixing therefore upon a certain 
diameter for the pipe, the velocity of the water in 
it is determined. Knowing the length of the pipe, 
its diameter, and the velocity, we can easily de- 
termine, by the formulae of Article 43, what head 
will be required to overcome the friction, and pro- 
duce this velocity. Adding this to the height to 
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which the water is to rise, we shall have the 
whole height required firom the surface of the 
reservoir to the orifice. 

186. To express the motion by a formula, let 

£^ denote the height of the jet, 

D • ... its diameter, measured at the contracted 

section just above the orifice, 
t?' • ... its initial velocity = V^ff^S 
V .... the diameter of the conduit, 
a .... its length, 
t^' . . . . the head employed in- overcoming the 

friction and producing the motion, 
v" . . . . the velocity in the conduit, 
2; • . . • the whole head from the surface of the 

reservoir to the orifice whence the jet 

issues. 

The initial velocity of the jet will be s/^gX^^ 
which we call t?'. The velocity in the conduit 
will be to v' in the inverse ratio of the sections ; 

or r" = -ypTg . The head required to produce 

this velocity is 

the whole height of the reservoir will therefore be 

187. If there are curves or other obstructions 
in the pipe, they should be taken into account ac- 
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cording to the rules given in the last articles of 
Chapter II., and will increase the height which it 
is necessary to give to the reservoir. It should 
be remarked, that on account of the phenomenon 
of the contraction, the area of the orifice cannot 
be taken for the section of the jet ; but the di* 
ameter of the latter being D\ we must make the 

D' 

diameter of the orifice equal to —7=, tn being 

the coefficient of contraction. (See Articles 58 

and 59). The area will then be -j — , and, 

^ % tn 

multiplying this by m, we have — j — for the sec- 
tion of the jet. The best kind of orifice is sim- 
ply a hole made in a thin plate, without any ad- 
ditional tube. The water will issue in a direction 
perpendicular to the plate ; hence, by curving it 
properly, we can vary the direction at pleasure. 

188. The resistance arising from the air, which 
rapidly increases with the velocity of the jet, and 
that occasioned by the water which falls back 
upon itself, were not taken into account in Article 
186. Hence the height will be rather less in 
practice, than we should deduce from the formula. 
According to Mariotte's experiments {Traiti du 
Mouvement des Eatix), the loss of height is as the 
square of the height of the jet ; and a jet 5 feet 
in height requires an additional inch in the reser- 
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voir to compensate for the loss. HeDce a jet H 

HI 

25 



fJQ 

feet in height requires an addition of -^^ inches. 



°' 300 ^^**- 

189. To give an example of these calculations, 
we will suppose that at the end of a pipe 0.75 
foot in diameter and 15,840 feet in length, we 
wish for a jet S5 feet high, whose smallest section 
shall be 0.1 foot. What must be the difference 
of level between the surface of the water at the 
fountain-head, and the orifice whence it issues ? 

The initial velocity of the jet is v' = \/^2g.2S 
= 40.1134. 

The velocity in the pipe is 

,, 40.1134 X 001 ^«.^ 
" ' = 0.75 X 0.75 = ^-^l^- 

In the Table of Article 44, we find by a simple 
proportion, that to v" = 0.713 corresponds 

i ly'j = 0.0000663 = ^j^. 

Hence 

^, 0.0000663 X 15,8 40 X 4 _ ^ i;n 
^ = 0:75 ^•^^• 

We have then, t = 25 + 5.60 = 30.60. 
To this we must add, according to Mariotte's 

rule, ^?^^ = S.08 ; and the whole height of 

the reservoir above the orifice must accordingly 
be 32.68 feet. 
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CHAPTER X. 



ARTESIAN WELLS. 



190. It seems not improper in this place to 
give some account of what are called Artesian 
Wells, or subterraneous springs whose waters, 
when they have been reached by boring from 
the surface, rise and maintain a much higher 
level than that at which they were first found. 
A description of the various instruments to be 
used in the process of boring belongs to a special 
treatise on this subject, such as those of Gar- 
nier and Hericart de Thury. But some infor- 
mation respecting the nature and geological po* 
sition of the strata, where these rising springs 
are to be met with, will enable us to judge 
of the probable success of boring, before under- 
taking expensive operations. What we have 
to say on this subject will be taken from the 
work of Gamier, for which the author received 
a prize from the Societe d^ Encouragement pour 
rindustrie Nationale of France, and which was 
published by order of the French government 
in 1822. 

191. The first of these wells of which any 
account has ever been given, were those in the 
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French province of Artois, from which is de- 
rived their name of Artesian. In the common 
wells of the country, it was observed that the 
water rose to a considerable height above the 
level at which it was first met with ; and of late 
years, by means of instruments specially invent- 
ed for the purpose, it has been found possible to 
raise it from a depth of 300 feet. 

The following sections show the nature and 
superposition of the various beds, through which 
the auger passed before reaching the subterrane- 
ous bodies of water, in various localities in the 
neighbourhood of Calais. 

(1.) In the commune of Ardres. 



Sand and pebbles 

Clay and sand . . . . 

Sand . . • • • 

Clay of a yellowish color with some sand 

Quicksand . • • • 

Very compact black clay . 

Sand and pebbles 

Sand containing masses of sandstone 

Grey clay, mixed with a little lime 



metres. 

1.65 
3.30 
8.00 
a30 
11.20 
5.00 

i.e5 

1.30 
5.00 



Chalk entered to the depth of • . 7.00 



(3.) In the commune of Annezin. 

Vegetable earth 
Pebbles with a little sand 
Black or grey, clay, very hard 
Chalk entered to the depth of 


47.40 

. 3.70 
3.30 

. 23.00 
12.00 



42.00 
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meties. 


Vegetable mould 


. 


5.00 


Clayey earth 


• 


1.65 


Quicksand . • • • 


• 


2.20 


Sand and pebbles . 


• 


2.00 


Clay of a light grey color 


• 


6.60 


Grey clay with sand • * 


. 


5.00 


Blue clay, hard and compact • • 


. 


7.00 


Chalk entered to the depth of • 


• 
• 


2.50 




31.^ 


(4.) In the commune of Aire. 






Grey quicksand 


• 


1.62 


Sand mixed with some earth 


• 


5.60 


Sand and pebbles . . • 


. 


a65 


Quicksand of a greenish grey color 


. 


a65 


Quicksand of a slate color 


• 


7.10 


Grey clay with sand 


. 


3.30 


Clayey earth of a yellowish color, with 


pebbles 


440 


Black clay with sand and pyrites . 


. 


5.70 


Grey clay with little lumps of chalk . 


. 


3.65 


Bluish clay of a very homogeneous texture 


3.90 


Very black clay 


• 


3.30 


Chalk entered to the depth of 


• 


9.00 




54.87 


(5.) In the commune of Merville. 






Vegetable mould 


• 


1.60 


Quicksand . • • . 


. 


4.00 


Grey clay .... 


• 


30.00 


Lumps of sandstone • 


. 


0.16 


Green, earthy clay 


. 


9.60 


Ferruginous pyrites 


. 


11.30 


Black sand .... 


• 


2.00 
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metres. 

Green sand .... 2J20 
Black earthy sand .... 2.90 

Black quicksand • . ... 14.00 

Sandy clay • . . • • 2.00 

ypry hard grey clay with pyrites' • 4.50 

Very compact black clay • . . 12.00 

Chalk entered to a depth of . . 8.00 

93.26 
These sections show that the waters are all 
contained in the fissures of calcareous rocks, 
covered by horizontal beds of vegetable earth, 
sand, rounded pebbles, ~ and clays of various 
kinds, which appear to have been deposited in 
tranquil waters. The wells are found in a line 
running about northwest and southeast^ which 
forms the line of separation between the high 
grounds on the southwest, and the vast plain ex- 
tending to Holland on the northeast. All those 
dug in this vicinity exhibit the same successipn 
of beds, and show moreover, that, in proportion 
as we leave the foot of the high grounds and ad- 
vance into the plain, the thickness of the super* 
incumbient beds augments, and the chalk lies at 
a greater depth below the surface. As we pro- 
ceed in the opposite direction towards the north- 
west, we find the ground rising continually, and 
the calcareous strata showing themselves at the 
surface, or covered only by a layer of vegetable 
earth. This region presents all the geological 

15 
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characters belonging to a secondary formation 
composed of strata of calcareous rocks, of near- 
ly the same texture and color. 

192. From this it will appear that the sedi- 
mentary formations are first met with at the Jine 
of separation between the high grounds and the 
plain. On one side of this line the secondary 
rocks appear out of the ground ; on the other 
they are covered by a great thickness of earths 
of a more recent formation. It is evident, too, 
that it is in the neighbourhood of this line of sep- 
aration, that we should undertake boring oper- 
ations ; since, after piercing through the imper- 
meable beds of clay, we ought at a moderate 
depth to reach the strata of chalk, and experi- 
ence fully shows this to be the case. 

It has been found, however, that rising springs 
may be also met with in the deep valleys which 
intersect the high grounds, whenever the water 
can have found passage through the fissures of 
the chalk. At Blengel, in the valley of the 
Ternoise, the auger was tried in three places 
very near each other. The first hole was made 
50 feet deep ; the second 80; and the third 110. 
The first gave no water ; the second was aban- 
doned, because the workmen, from their want of 
skill, were unable to draw out the auger, which 
had been broken by striking upon some flint peb- 
bles. The third, at the depth of 100 feet, appear- 
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ed as little likely to be successful as the others. 
But upon being continued ten feet farther through 
a very tenacious blue earth, the lower part of 
which was yellowish, and approaching the nature 
of marl, a spring was met with which rose im-^ 
mediately to the surface. 

The section of the strata was as follows: 

metrei. 

Grey clay ..... 1.30 

Grey clay of a lighter color . . 2.50 
. Chalk (it was in this that the boring of the first 

two holes was stopped) . . . 28.30 

Bluish clay ... . • 3.20 



35.30 
Chalk — just entered. 

It IS evident that the waters rose here solely 
because they noTi^ found a vent through the stra- 
tum of clay which retained them beneath the 
upper stratum of chalk. 

If we undertake to bore for water in the high 
lands, we should choose the lowest points of the 
valleys which intersect them. Otherwise the dis- 
tance between the level to which the water will 
rise and the surface of the ground may be very 
considerable. ^ 

193. From the sections which we have given, 
it is to be seen that the underground waters are 
found only in the chalk ; and this is very easily 
accounted for. This stratum is covered by an 
impermeable bed of clay ; and if the latter has a 
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considerable extent, it is evident that all the wa- 
' ter underneath it is subjected to a pressure and 
can find no vent. Rain water, and that from the 
various streams of the high land, enters the fis- 
sures of the chalk where it approaches the sur- 
face, and, finding free passage there, it spreads 
in all directions underneath the recent formations 
by which it is covered. Finding no ready issue, 
it must remain there and become more or less 
stagnant, in proportion as the superincumbent 
beds of clay are greater in extent, and the nat- 
ural issues by which it can finally reach the 
ground are smaller and more distant. It is ev- 
ident, then, that as soon as a passage for it is 
pierced through the clay, it will rise with a ve- 
locity due to the pressure to which it is subject- 
ed. If it is stagnant it will rise to the same lev- 
el as that at which it entered the strata ; but if 
it is moving with a certain velocity, it will rise 
to a height somewhat less. In order that the 
water may rise, it is necessary, moreover, not 
only that it should be prevented from extending 
indefinitely in breadth, but also that there should 
be an impermeable stratum beneath it ; and in 
many localities it is found that the lower parts of 
the chalk become compact and tight. 

194. At Sheerness in England, at a depth of 
350 feet there was found underneath the clay a 
stratum of chalk containing very pure and lim- 
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pid water. As soon as the clay had been pierced 
through, the water rose to a height of 344 
feet; but it afterwards fell, and remained sta- 
tionary 130 feet below the surface. The for- 
mation which covers the chalk at Sheerness is 
recent, and is very analogous to that in the 
neighbourhood of Calais. It is principally com- 
posed of sand of various colors, mixed with 
green earth and rolled pebbles, and of a very ^ 
tough, dark-colored clay, similar to some varieties 
of that met with in France. The localities are 
exactly the same in a geological point of view. 

195. M. H^ricart de Thury has given the 
following account of the beds through which the 
auger passed at the Barri^re de Fontainebleau 
near Paris, and at the Courtalin paper factory 
near Coulommiers ; and it tends to prove, that the 
best and most copious springs are there found in 
the chalk which lies underneath recent forma- 
tions analogous to those of which we have spo- 
ken. 

At the Barriire de Fontainebleau the section 
was as follows : 

metMi* 

Vegfetable earth, Rand, and gravel . • 3.83 

Calcareous marl, and limestone containing ma^ 

line shells . . • 16.52 

Clay of various colors belonging to the argilla- 
ceous deposits . . .11.36 

Dark grey clay MriUi pyrites 0.33 
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metref. 
Siliceoas and argillaceous sand alternating 
with veins of sandy clay, of a dark 
^ grey color .... 7.47 

39.50 

Iramediately beneath these beds is found the 
great chalk formation, whose thickness is un- 
known. 

The water found in the clay beds, which was 
first collected in a well at the depth of 31.70, 
being insufficient, it was thought advisable to 
bore to a greater depth. The auger first passed 
through a very hard bed of dark grey clay con- 
taining pyrites, 0.33 metre in thickness. Imme- 
diately after, it slipped down out of the work- 
men's hands through a space of 7.47 metres, 
exactly as if it had fallen into a deep fissure. If 
it had not been held by a cord passing through a 
ring in the handle and round the drum of a wind- 
lass, it would probably have fallen to a greater 
depth ; for the workmen asserted, that when they 
attempted to draw it up, it appeared to have 
entered an empty space, that it did not touch 
any thing solid at bottom, and that it was moved 
to and fro as if by a strong current of water. 
They had a great deal of trouble in getting it up ; 
the water followed it and disturbed their opera- 
tions ; but the moment it was drawn out and the 
opening cleared, a stream of water rushed out 
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above their heads to the height of 30 feet, and 
with such force and abundance, that they had 
barely time to be drawn up from the bottom of 
the well where they had been working, leaving 
every thing behind them. 

If in this instance, instead of digging a well, 
the boring operations had been begun upon the 
surface of the ground, the water would have 
been raised at a much less expense, and with 
no danger to the workmen. 

The water remained at the level of 12 metres 
above the bottom of the well. It comes from 
the chalk stratum which lies underneath the 
beds mentioned above, which differ from those 
in the neighbourhood of Calais only in the cir- 
cumstance, that the marl and limestone with ma- 
rine fossils do not exist in the latter locality. 
The clay beds are absolutely the same. 

From all this we are led to believe, 1st, that 
the waters contained in the beds of clay lying 
underneath the formation of marine limestone, 
are the result of a gradual percolation through 
the earths above them ; 2dly, that they have no 
communication with those which were forced up 
30 feet above the heads of the workmen, since 
these latter rose and remained stationary at the 
height of 12 metres above the bottom of the 
well, while the former stood only at 5 metres 
above it ; 3dly, that, if the water belonging to the 
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chalk fonnation was met with in the bed (^ sil- 
iceous and argillaceous sand, it was because the 
little crevices existing in the lower part of thb 
bed, into which the -water was forced by its up- 
ward pressure, were by this very pressure widen- 
ed and opened until they reached the hard bed 
of clay with pyrites ; that the waters thus found 
means of spreading throughout the *argillaceoos 
sand, and went no farther on account of the im- 
permeability of the hard bed immediately above 

it. 

At the Courtalin paper factory, after passing 

through a depth of 26 metres composed of sand, 
of clay more or less hard, and of marl, a stratum 
of chalk was met with containing little layers of 
flint. The water appeared the moment the 
chalk was entered, and rose to within 1.30 of 
the surface. 

196. It may sometimes happen in boring, that 
we may meet with large bodies of water which 
come from the beds above the chalk ; but they 
have generally a disagreeable taste and odor. 
Moreover, they are not subjected to a pressure 
sufficient to cause them to rise to the surface, be- 
cause they have merely soaked through the re- 
cent formations, and do not come originally from 
elevated situations like those we find in the chalk 
stratum. These latter are generally perfectly 
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limpid and healthy, a&d care must be taken to 
give them a passage through the bad water from 
the upper beds without their communicating 
with it. 

197. It is only in calcareous rocks, then, that 
we should seek for rising springs. We have 
seen, that these springs may be found wherever 
a stratum containing fissures sufficient to give 
passage to water, is enclosed between two others 
which are water-tight ; and if the intermediate 
Stratum comes to the surface in the more eleva* 
ted spots so as to receive water fi-om rain, and 
ih)m streams, and afterwards descends without 
there being any vent for the waters, we have 
only to pierce through the upper bed and give 
to tbese^ a free passage, and they will rise to 
the surface of the ground and sometimes even 
above it. Such being the conditions, it may be 
affirmed that the chalk is the only stratum into 
which we should bore for water. In fact, it is 
well known that this formation is often contained 
' between beds through which water cadbot pass, 
that it crops out in the higli lands, that it ex- 
tends indefinitely at the bottom of the valleys, 
and that it is full of fissures which allow firee 
passage to the water. The numerous caves 
which are found in limestone countries are an 
additional proof of the truth of this last remaric. 
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It is useless to undertake boring in primitive 
formations containing granite, gneiss, porphyry 
serpentine, &c., as these rocks have but few fis- 
sures, and they are small. The water which soaks 
into them is soon stopped. Schistose rocks sh6uld 
be avoided also, because the ferruginous pyrites 
contained in them easily decompose, and com- 
municate to the water the odor and taste of sul- 
phuretted hydrogen. 

198. It is important to observe that the auger 
may sometimes reach a body of water which mil 
not, however, rise more than a few feet above the 
level at which it is found, although the fissures in 
which it stands may be constantly supplied from 
a very elevated source. For, if this water can 
find in a neighbouring valley, deeper than that in 
which the boring operations have been carried on, 
an issue large enough for its discharge, it will not 
rise at all ; and in proportion as the issue is small- 
er, it will riae to a greater height. 

But, even if the natural vent of the waters is 
very smaff, we may not find a spring if we make 
but a single attempt at boring ; for we may hit 
upon a spot where the calcareous rock is com- 
pact in texture. A remarkable instance of this 
occurred at Bethune, not very far from Calais. A 
person undertook to bore for water, and after 
passing through 60 or 70 feet of recent formation, 
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and 30 feet of calcareous rock, met with a spring 
whose waters rose to the surface. His next-door 
neighbour endeavoured to do the same thing. He 
bored first through 70 feet of sand and grey clay 
containing a great quantity • of pyrites, and 105 
feet in a calcareous stratum, which was met with 
at the same depth as before. But though he had 
thus gone to a depth of 175 feet, he met with no 
water, and, being discouraged, abandoned the at- 
tempt. This undoubtedly shows that in the spot 
where the latter carried on his operations, the 
rock was homogeneous and compact. Had he 
gone to a greater depth, it is very probable that 
he would have met with some impermeable bed, 
firom beneath which water would have risen to 
the surface. But this water evidently would 
have come from a different source from that of 
his neighbour. 

Whenever, then, in boring, we meet with a 
homogeneous rock, it is necessary to continue our 
operations until we find a variation in its nature ; 
for experience has shown that the water generally 
lies near the spot where the different formations 
meet. The cavities and fissures which generally 
exist there, facilitate its passage ; and it is proba- 
bly to this cause that we should attribute its 
greater abundance at this point. If we find, after 
entering a few feet into the chalk, that the water 
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will rise to the surikce, we may confidently ex- 
pect an increased quantity^ if, in continuing to 
bore, we meet with layers of small rounded 
stones* 

199. On the peninsula of Boston, there are 
wells which rise 75 or 80 feet above the leVel of 
the sea. Dr. Lathrop gave an account of them 
in 1800, in a paper published in the Memoirs of 
the American Academy of Arts and Sciences.* 
The theory by which he accounts for the great 
rise in the waters is precisely the same as that 
given more at length by Gamier. 

Dr. Lathrop gives the following history of a 
well dug near Boston Neck. ^' Where the ground 
was opened, the elevation is not more than one 
foot, or one foot and a half, above the sea at high 
water. The well was made very large. After 
digging ^bout 22 feet in a body of clay, the 
workmen prepared for boring. At the depth of 
108 pr 110 feet the auger was impeded by a hard 
substance ; this was no sooner broken through and 
the auger taken out, than the water was forced up 
with a loud noise, and rose to the top of the well. 
After the first eflTort of the long confined elastic 
air was expended, the water subsided about 6 feet 
from the surface and there remains at all seasons 
ebbing and flowing a little with the tides." 

•Vol. III. pp. 57-67. 
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Dr. Lathrop observes, that the proprietors of 
this well were led to exercise great caution in car- 
rying on the work, by an accident which had hap- 
pened in their immediate neighbourhood. "A few 
years before, an attempt was made to dig a well a 
few rods to the east, near the sea. Having dug 
about 60 feet in a body of clay without finding 
water, preparation was made in the usual way 
for boring ; and, after passing about 40 feet in the 
same body of clay, the auger was impeded by 
stone. A few strokes with a drill broke through 
the slate covering, and the water gushed out with 
such rapidity and force, that . the workmen with 
difficulty were saved from death. The water rose 
to the top of the well and ran over for some time. 
The force was such as to bring up a large quan- 
tity of fine sand, by which the well was filled up 
many feet. The workmen left behind all their 
tools, which were buried in the sand, and all their 
labor was lost. The body of water which is con- 
stantly pissing under the immense body of clay, 
which is found in all the low parts of the peninsu- 
la, and which forms the basin of the harbour, must 
have its source in the interior, and is pushed on 
with great force from ponds and lakes in the ele- 
vated parts of ^ the country. Whenever vent is 
given to any of those subterranean currents, the 
water will rise, if it have opportunity, to the level 
of its source." 
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The reader cannot but remark how strikingly 
this last account coincides with that given by He- 
ricart de Thury of the well at the Barriere de 
Fontainebleau, 
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In the foregoing Chapters we have had frequent 
occasion to change French measures into English ; 
in so doing we have made use of the Table of con- 
stant multipliers given below, which has been calcu- 
lated on the authority of the Annuaire du Bureau 
des Longitudes for 1832. If we multiply quantities 
of the denomination expressed in the first column of 
this Table by the corresponding numbers given in the 
second, the product will be the equivalent quantities 
expressed in units of the denomination given in the 
fourth column. Thus N metres = N X 39.37080 
Elnglish inches. The third column shows the loga- 
rithms of the numbers in the second. 



Metres 
Metres 

Square metres 
Cubic metres 
French feet 
English inches 
English feet 
Engl. sq. feet 
Engl. cub. feet 
English feet 
Pouce d'eau 
Great Rom. ounce 
Little Rom. ounce 
Quinaria 
Double module 



2 


3 


39.37080 


1.5951742 


3.28090 


0.5159930 


10.76431 


1.0319860 


35.31661 


1.5479790 


1.06578 


0.0276676 


0.02540 


0.4048258- 


0.30479 


0.4840064 


0.09290 


0.9680140 


0.02832 


0.4520210 


0.93828 


0.9723324 


677.913 


2.83 J 1739 


1453.632 


3.1624544 


726.816 


2.8614244 


1977.730 


3J»61670 


706.3322 


2.8490090 



— 2 

— 1 

— 2 

— 2 

— 1 



English inches 
English feet 
Engl, square fl. 
Engl, cubic ft. 
English feet 
Metres 
Metres 

Square metres 
Cubic metres 
French feet 



Engl, cubic 
^feet in 24 
hours. 
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In all oar calculations we have estimated ^luni* 
titles of water in cubic feet, adding also the time in 
which the given number of cubic feet was furnished. 
In France and in Italy a unit for measuring supplies 
of water has long been in use, ^hich combines in 
itself the ideas both of time and of quantity. Such 
a unit is very desirable when water is to be distri- 
buted in a city, since the quantity to be fiirnished to 
the tenants consists always <^ a certain amount in a 
certain time. The pouce deau, which was long in 
use in France, is the quantity which flows in twenty- 
four hours by a circular orifice one French inch in 
diameter, with a head of one line above the upper 
^ge of the orifice. The quantity thus defined was 
a very improper measure, since it would vary con- 
siderably under different circumstances, according to 
the thickness of the vessel in which the orifice was 
made, and as moreover it is extremely difficult to 
measure exactly so small a head. Hence different 
authors gave different values to it. Bossut found it 
to be 17.9388 cubic metres in twenty- four hours; 
Couplet, 18.2804 ; Mariotte, 19.7437. M. de Prony, 
whose experiments were superior in accuracy to 
those of his predecessors, fixed it at 19.1953, and this 
has of late years been almost universally adopted; 
so that a pouce deau may now be considered as a 
conventional term, meaning simply 19.1953 cubic 
metres in twenty-four hours. 

M. de Prony says, in a paper printed in the 
Memoirs of the Academy of Sciences of Paris in 
1817, that having been called upon to determine 
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some more convenient unit, better adapted to the 
decimal system of French measures, it seemed to 
him proper that this unit should bear a certain rela- 
tion to the daily quantity required for each person. 
This quantity of course is very variable. The cli- 
mate and the habits of the people have a great influ- 
ence upon its determination ; so that it is impossible 
to fix upon any value for it, which shall be universally 
applicable. M. de Prony, therefore, had particularly 
in view the climate of Paris, and the customs of 
its inhabitants, in deciding, as he did, upon ten 
cubic metres per day, as the quantity required for 
the domestic wants of 1000 persons. To this he 
gave the name of module, and twice this quantity, 
which is very nearly equal to the pouce d^eau, he 
called the double module. To determine the con- 
ditions under which exactly this quantity would flow 
fix)m an aperture, was the important point ; and for 
this purpose he entered upon a series of experiments, 
which were executed with remarkable accuracy. 
The ingenious apparatus which he invented, in order 
to maintain the surface of the water at a constant 
height above the orifice, is described in the paper 
above referred to. By means of it, he ascertained 
that a double module of water, or 20 cubic metres 
(706.33 cub. fl.) in 24 hours, will be discharged by 
a circular orifice having a radius of one centimetre 
(0.0328 ft.), the surface of the water being 5 
centimetres (0.1640 ft.) above its centre, and the 
efflux being through an adjutage 17 millimetres 
(0.0658 ft.) in length. 

16 
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H. de Prony also determined the valae of tl 
modern Roman ounces as follows : the great Romi 
ounce, 41.16 cubic metres in 24 hours; the lit 
ounce, 20.5d cubic metres ; the guinaria used 
Ancient Rome (see Commentary of Frontinus on i 
Roman Aqueducts), 56 cubic metres. 



END. 
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